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ABSTRACT 
 
 
Like many widely cultivated crops, soybean (Glycine max) has a relatively narrow 
genetic base, while its perennial relatives in the subgenus Glycine are more genetically diverse 
and display desirable traits not present in cultivated soybean. To identify single nucleotide 
polymorphisms (SNPs) between a pair of G. latifolia accessions that were resistant or susceptible 
to Sclerotinia sclerotiorum, reduced-representations of DNAs from each accession were 
sequenced. Sequence reads aligned primarily to gene-rich euchromatic regions on the distal arms 
of G. max chromosomes. Using the G. max genome sequence as a reference, 9,303 G. latifolia 
SNPs were identified that aligned to unique positions in the G. max genome. A subset of the 
SNPs were validated using nine TaqMan and 384 GoldenGate allele-specific assays and 
analyzed in F2 G. latifolia populations and used to generate genetic linkage maps for G. latifolia, 
the first genetic maps for any perennial Glycine species. Subsequently, high-density linkage 
maps were constructed for G. latifolia using SNP markers generated by genotyping by 
sequencing and evaluated in F2 and F5 populations. In each population, greater than 2,300 SNP 
markers segregated to form 20 large linkage groups (LGs). Twelve of the 20 G. latifolia linkage 
groups were nearly collinear with G. max chromosomes. The remaining eight G. latifolia LGs 
appeared to be products of multiple interchromosomal translocations relative to G. max. Large 
syntenic blocks also were observed between G. latifolia and Phaseolus vulgaris. These 
experiments were the first to compare genome organizations among annual and perennial 
Glycine species and common bean. To identify loci associated with resistance to Sclerotinia stem 
rot (SSR) in G. latifolia, the F2 and F5 populations were evaluated for their sensitivities to oxalic 
acid, a pathogenicity determinant for S. sclerotiorum. Major loci for tolerance to oxalic acid were 
discovered on G. latifolia LGs 14 and 19. The loci on LGs 14 and 19 explained 26% and 27% of 
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the phenotypic variation for the trait, respectively. The locus on G. latifolia LG 19, but not the 
locus on LG14, overlapped a previously described locus in soybean for resistance to SSR. The 
sequences of G. latifolia chromosomes corresponding to the genetic intervals on LGs 14 and 19 
contained 10 and 68 predicted genes, respectively. These experiments demonstrated that it is 
possible to identify loci for agronomically important traits in wild perennial relatives of soybean 
that are not present in the soybean primary gene pool. A draft genome sequence was assembled 
for G. latifolia form short-insert paired-end libraries and large-insert mate-pair libraries prepared 
from G. latifolia DNA and sequenced on an Illumina HiSeq2000. The libraries were assembled 
with ALLPaths-LG and yielded 85% coverage of the estimated 1.05 Gb G. latifolia genome. 
Whole-genome annotation indicated that G. latifolia shared 33,000 to 41,000 genes with soybean. 
The G. latifolia genome was predicted to contain 750 resistance gene homologues 93% of which 
were shared with soybean. A nearly complete pseudomolecule chromosome sequence was 
assembled for G. latifolia chromosome 6 using soybean chromosome 6 as a guide. The 
information generated will assist in discovery of genetic diversity for traits that are lacking in 
soybean germplasm. The development of molecular resources for species closely related to G. 
max provides information into the evolution of genomes within the genus Glycine and tools to 
identify genes within perennial wild relatives of cultivated soybean that could be beneficial to 
soybean production. 
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CHAPTER 1 
LITERATURE REVIEW 
 
Genus Glycine  
Soybean (Glycine max (L.) Merr.) is an important source of protein and oil for 
human consumption with a gross production value estimated at 111 billion dollars 
worldwide 2011 [1]. Human caloric intake from soybean has increased 284% in the last 
50 years [2]. Soybean production has kept up with and fueled the demand for soy-based 
products, but it is questionable if soybean production will be able to continue to meet 
global demands in the face of changing biotic [3-5] and abiotic stresses [6] because of the 
narrow genetic base of cultivated soybean. To worsen the situation, the gene pool in the 
genus Glycine with which G. max can produce fertile hybrids is very limited [7].  
 Cultivated soybean originated in Asia mainly from China, Japan, and Korea [8,9]. 
The earliest domestication of soybean has been tracked back to China 9,000 years ago, 
but Japan and Korea developed their own domestications as early as 7,000 years ago [10]. 
Soybean had a humble beginning in the United States where it was introduced as a forage 
crop in 1765 in Georgia [11], but there is little information available for soybean 
production between 1765 and 1920. After being accepted as field crop in the United 
States, soybean production increased steadily after 1960 [12]. In 2012, soybean 
production in the United States was 80 million tons and had increased four-fold since 
1961, but this increase was dwarfed by two countries. In the same time period soybean 
production increased 40,000 fold in Argentina and 240 fold in Brazil [1]. 
Because of soybean’s limited genetic variability, there have been efforts to 
introgress agronomically important genes from soybean’s wild relatives in the genus 
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Glycine. The genus Glycine consists of 28 species. The perennial wild Glycine species 
represent 93 % (26/28) of the species in the genus [8]. Cultivated soybean has four 
potential gene pools that are defined by the abilities of different Glycine species to 
produce fertile offspring with G. max [13]. Species in the primary gene pool, gene pool 1, 
can produce fertile offspring by conventional breeding methods with G. max. Wild 
annual soybean (G. soja (Moench) F.J. Herm.), which is also native to Asia, is the sole 
member of the primary gene pool with G. max. In the secondary gene pool, gene pool 2, 
species produce some fertile offspring with conventional methods in crosses with G. max, 
but at lower frequencies than species in the primary gene pool. There are no species 
within gene pool 2 for G. max. Glycine species within the tertiary gene pool, gene pool 3, 
have a very low chance to producing fertile offspring with G. max unless radical 
approaches like tissue culture are used.  Gene pool 3 contains most of the perennial 
Glycine species including G. tomentella, G. tabacinia, and G. latifolia. Finally, species in 
the quaternary gene pool, gene pool 4, are not expected to produce fertile hybrids with G. 
max regardless of the crossing or tissue culture methods used [8,13]. Gene pool 4 
contains just one species, G. falcata. There are no reports of successful hybridization 
between G. falcata and G. max [8].  Unlike G. soja, none of the wild perennials species 
are included in gene pool 1 [8]. With the similarities in the structures of the genomes of 
the two species, it is not surprising that G. max and G. soja hybridize relatively easily and 
define gene pool 1 [14,15].  Later cytogenetic studies and analysis of the fertility of F1 
hybrids between different perennial Glycine species were used to divide the perennials in 
to seven genome types: A, B, C, D, E, F, and G (soybean) [8]. For example, hybrids were 
unsuccessful between G. canescens (group A) and G. falcata (group F) and G. tomentella 
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(group D) and G. falcata (group F). This indicated that G. falcata (group F) was different 
from group A, B, C, D, and E.  Because of the crossability of G. max and G. soja, 
multiple genes have been moved from G. soja into G. max for cultivar improvement, 
including genes for small seed size because small soybean seeds are preferred for certain 
foods [15] and genes for increased yield potential [14,16]. In spite of the difficulties in 
producing fertile hybrid plants, multiple studies have examined the possibility of 
introgressing genes from wild perennial Glycine species into soybean [17-21].  
 
Perennial wild Glycine species  
Dr. Hymowitz from the University of Illinois in collaboration with Dr. A. H. D. 
Brown from Australia collected many of the wild perennial Glycine species from 
different regions of Australia [8].  Plants of the perennials species often were sparsely 
distributed with only a few plants located in a given area [22]. With additional collections, 
the number of wild perennial Glycine species could be increased beyond 26 [23]. The 
names for the perennials species were agreed upon by scientists from Australia and the 
United States. In some cases, two species were merged to make one species and in other 
cases one species was split into two. For example, a group of plants once considered to be 
G. tabacina were split off to form a new species named G. latifolia (Benth.) Newell and 
Hymowitz by Drs. Newell and Hymowitz at the University of Illinois [24]. Plants of the 
species were distinct from other examples of G. tabacina in the broad shape of their 
leaflets (latifolia) and other characteristics [24]. Since 1970’s, 19 of the 26 perennial 
Glycine species have been deposited in the USDA Soybean Germplasm Collection in 
Urbana, Illinois along with G. soja.  
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 Even though most perennial Glycine species were collected from Australia, there 
is no direct evidence they were utilized for human consumption in their native range [8]. 
However in other parts of the world, these species are harvested and utilized as herbal 
medicines. For example, G. tomentella is found in Taiwan with diploid chromosome 
numbers of 2n=38, 40, 78, and 80 [25]. On Kinmen Island in Taiwan, G. tomentella is 
known as “I-Tiao-Gung” and used as herbal tea, herbal medicine, and an anti-
inflammatory ointment [26-30].   
 Accessions of perennial Glycine species have been shown to possess resistance to 
soybean diseases and tolerance to abiotic stresses like drought [31], salinity [32,33] and 
herbicides [34]. Selected perennial Glycine accessions are resistant to Asian soybean rust, 
cyst nematode [7,35,36], Alfalfa mosaic virus [37,38], and Soybean mosaic virus [39]. 
The genetics of resistance to soybean rust (caused by Phakopsora pachyrhizi) in G. 
tomentella was studied and showed that one or two genes control very strong resistance 
(near immunity) to the pathogen [40-42]. Also, changes in gene expression in soybean 
rust-resistant and susceptible G. tomentella accessions were analyzed using soybean 
expression microarrays and subtracted cDNA libraries and indicated that genes involved 
in disease resistance were induced in response to inoculation with P. pachyrhizi [43,44]. 
Some perennials species are well adapted in arid Australian Outback and need little water 
to survive [32]. Also not surprisingly, perennial Glycine accessions collected from coastal 
regions of Australia are well adapted to high-salt environments [33,45]. Some perennial 
Glycine species are more tolerant to the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) 
than soybean. Studies have suggested that these perennial Glycine species may have a 
secondary or alternative pathway to detoxify 2,4-D [34,46].  
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 Molecular tools are not widely available for the perennial Glycine species and 
those developed for soybean often are of little utility because of low levels of nucleotide 
sequence conservation between annual and perennial Glycine species [8]. Initially, 
soybean molecular markers and microarray gene-expression chips were borrowed to 
study wild perennial Glycine [44,47,48]. As mentioned above, soybean cDNA 
microarrays were successfully used to study differences in gene expression between 
resistant and susceptible G. tomentella accessions [43], but very limited information was 
obtained from soybean microsatellite markers in the wild perennials species [47,48]. The 
higher rate of success with soybean microarrays than with soybean microsatellite markers 
likely resulted from the higher conservation of gene coding sequences than non-coding 
regions between two species. Also, soybean isozyme markers [49] and internal transcribe 
spacer (ITS) sequences were used to study phylogenetic relationships of these species 
[48,50-53]. Later, species-specific molecular markers [54] and subtracted transcriptome 
libraries were constructed [43]. Recently, large blocks of the genomes of G. 
dolichorcarpa [23,55,56] and G. tomentella were analyzed by next-generation and 
conventional sequencing technologies [57,58]. The G. dolichorcarpa genome retained 
homeologous genes from a paleopolyploidy event [55] and the G. tomentella genome had 
dramatic expansion and loss of disease resistance genes compared to the soybean genome 
[57,58].  
 
Sclerotinia stem rot  
Sclerotinia sclerotiorum (Lib.) de Bary is a plant pathogenic fungus that causes 
more than 60 economically important plant diseases [59,60], including Sclerotinia stem 
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rot (SSR) of soybean. The fungus has a very wide host range that includes more than 400 
species of dicotyledonous plants [59,61]. For example, S. sclerotiorum can cause up to 
100% yield loss of sunflower [62]. Control of SSR is difficult when the incidence is high 
[59,60,63].  
Sclerotinia sclerotiorum has a life cycle similar to those of other necrotrophic 
fungi that infect plants [60,64]. This fungus produces sclerotia in its life cycle that allows 
it to persist in the soil over years [64]. In springtime, overwintered sclerotia germinate 
and produce apothecia that in turn produce wind-blown ascospores that infect senescing 
flower petals [59]. Mycelia on infected petals initiate the production of oxalic acid (OA), 
which induces cell death [64] and allows the fungus colonize dead tissue [60]. Colonized 
tissue is where new sclerotia develop that can persist in the soil for several years and 
provide inoculum for new disease outbreaks when environmental conditions are 
favorable.	  There are no broadly effective disease resistance mechanisms for S. 
sclerotiorum. Therefore, farmers must depend on partial resistance and fungicides, which 
provide inconsistent disease control [63]. Biological control measures have been reported, 
but have only very limited effectiveness [59,65]. Because fungicide-resistant S. 
sclerotiorum strains have been discovered in canola fields, the sustainability of fungicide 
use for S. sclerotiorum disease control is uncertain [66].  
Because S. sclerotiorum has a very diverse host range, the modes and mechanisms 
of resistance to the fungus have been studied in several plant species [62,67-77]. In G. 
max, the soybean germplasm collection has been extensively searched for sources of 
resistance to SSR, which led to the discovery QTLs for SSR resistance on 17 of the 20 
soybean chromosomes. However, each had relatively small effects on resistance [78-82]. 
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Oxalic acid 
Oxalic acid acts as a virulence determinant for several fungi [83], including S. 
sclerotiorum [60,84-86].  Comparison of the genome sequences of S. sclerotiorum and 
Botrytis cinerea, a close relative of S. sclerotiorum, revealed that both species had genes 
for producing oxalic acid and cell wall degrading enzymes [87]. The acid lowers the pH 
in the surrounding cells and discourages growth of other fungi and plant pathogens [86]. 
In infected plants, OA removes metal ions (e.g., calcium, copper, and magnesium) that 
are needed for plant growth [83]. Oxalic acid enhances the effectiveness with which cell 
wall degrading enzymes break down plant cell walls [88], induces programed-cell death 
(PCD) and increases reactive oxygen species (ROS) in plants [84]. Williams et al. [89] 
suggested that by hijacking host redox and cell-death pathways, OA suppresses the host 
defense system. Oxalic acid has other unusual functions in plant pathogenesis such as the 
deregulation of guard cell function to allow fungal hyphae to invade through stomata that 
are induced to remain open during the day and night [90].  
Cereals, but not most dicots, produce the enzyme oxalic oxidase (OxO) in a 
developmentally regulated and tissue-specific manner that is capable of degrading OA  
[91,92]. Because OA is one of the main virulence factors for S. sclerotiorum in SSR, one 
possible alternative strategy for producing plants resistant to SSR is to express an OxO 
gene from a monocot to break down OA to prevent establishment of an infection. For 
example, OxO genes form wheat (Triticum aestivum) and oxalate decarboxylase genes 
from fungi (e.g., Flammulina sp.) have been expressed in transgenic canola (Brassica 
napus) [93], lettuce (Lactuca sativa) [94], soybean [95], and sunflower (Helianthus 
annuus) [67] and shown to reduce symptoms severity compared to control plants not 
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expressing an exogenous OA-degrading enzyme. However, because expression of OxO 
genes are usually highly regulated, constitutive expression of the genes was not 
compatible with some plant species [96]. In other transgenic plants, OxO gene expression 
levels were low compared to the native species and not high enough to reduce the 
severity of S. sclerotiorum infections [97].  
The model plant, Arabidopsis thaliana, has been used to study resistance to this 
pathogen because of its abundance of genetic and genomic resources. Even though 
Arabidopsis is generally resistant to S. sclerotiorum, mutant lines have been identified 
that are susceptible to the pathogen [98]. This approach has identified many factors, like a 
jasmonic acid [99,100], NADPH oxidase [73], nitric oxide [101], glucosinolate [102], 
and a receptor-like kinase [103], that are involved in resistance responses in Arabidopsis 
to S. sclerotiorum. In addition, WRKYtranscription factors have been shown to be 
important for resistance to S. sclerotiorum in both Arabidopsis [74] and canola [104]. 
Similarly, coronatine insensitive (COI1) genes were discovered to be important disease 
resistance factors in both Arabidopsis [100] and sunflower [105].  
 
Soybean for gene mapping 
Like other crop species, the soybean research community has produced a rich set 
of genetic and molecular markers. In 1973, the first genetic maps for soybean were 
constructed using morphological and biochemical markers and described just seven of the 
20 soybean linkage groups [106]. In 1983, Devine et al. [107] were the first to show 
linkage of a gene involved in nodulation and nitrogen fixation to another gene using a set 
of just 14 morphological markers. In 1989, the classical genetic map for soybean 
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consisted of 63 phenotypic and isozyme markers and 17 linkage groups [108]. Because of 
the limited numbers of morphological markers available, alternative sources of genetic 
markers were investigated.  In 1989, Keim et al. [109,110] reported the first linkage maps 
constructed by DNA profiling using restriction fragment length polymorphism (RFLP) 
markers. The first RFLP linkage maps consisted of 150 RFLPs that identified 26 linkage 
groups and were produced using an interspecific cross between G. max and G. soja. At 
about the same time polymerase chain reaction-based molecular markers; random 
amplified polymorphic DNA (RAPD), and amplified fragment length polymorphism 
(AFLP) were evaluated in soybean. However, AFLP and RAPD markers were not widely 
used because of low reproducibility and difficulties in transferring markers from one lab 
to another [111,112]. Later, simple sequence repeat markers were developed and widely 
utilized [113] and number of markers grew to over 1000 [114]. While less labor intensive 
than RFLPs, simple sequence repeat markers were still cumbersome for large populations.  
In 2003, large numbers of single nucleotide polymorphism (SNP) markers were 
identified in soybean [115]. Single nucleotide polymorphisms are the most abundant 
molecular marker system to date [116,117]. It has been estimated that the 3.2 GB human 
genome contains about 17 million SNPs, which corresponds to about one SNP in every 
1000 bp. At that level, each human gene would theoretically contain 6 SNP markers 
[116,117]. The average SNP discovery rate in soybean is about one SNP per 1000 bp 
compared to one SNP per 425 bp in a G. soja [118]. Since the average gene size in 
soybean is 3,400 bp [119], each G. max gene could be expected to contain at least 3 SNPs 
and each G. soja gene about 6 SNPs. Because of the broad availability of whole genome 
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sequences and improved sequencing technologies [120,121], SNP markers have gained 
popularity in last 5-10 years [122].  
To streamline the detection of large numbers of SNPs, chip-based SNP detection 
systems were developed first for Arabidopsis [123]. The proliferation of SNP markers to 
non-model species was aided by advancements in DNA sequencing technologies 
[118,124,125], which led to the development of a single chip that contained 1,500 
soybean SNPs [124]. Subsequently, a chip that contained 50,000 soybean SNP markers 
became available as the SoySNP50K iSelect BeadChip [125]. The recent emergence of 
massively parallel sequencing technologies discovered more SNP than could be 
practically used in chip-based assays [118,126-128]. The genotype-by-sequencing (GBS) 
method for simultaneous SNP identification and scoring was developed in cereal crops, 
provided an alternative to chip-based SNP assays [129-133], and was utilized for genetic 
research in soybean in 2013 [131]. While the analysis of GBS data is more 
computationally demanding than analysis of SNP chips, the costs for producing the data 
are much lower per data point [134]. 
 
Sequencing technologies 
In 2001, the sequence of the human genome was completed [135,136]. The 
human genome project was initiated and cosponsor by the National Institute of Health 
and the Department of Energy [135] and completed with assistance from the Celera 
Genomics, a private-sector research lab [136]. The automated sequencers used for the 
project employed the Sanger dideoxynucleotides technology, and were widely used in the 
1990’s. They generated very accurate output and represented the best technology 
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available at that time [135]. However, the technology sequenced short (typically less than 
1 kb) segments of genomic DNA, one segment at a time. As a result, many sequencers 
and 20 years were needed to complete the large human genome at an estimated cost of 
one billion dollars [137].   
In the Sanger sequencing age, the cost of sequencing prevented sequencing of the 
large genomes of all but a very few selected crops or model organisms [138]. For 
example, the genome sequence of Caenorhabditis elegans was completed in 1998 and 
represented the first genome sequence for a multicellular organism [139]. In 2000, the 
genome sequence of Drosophila melanogaster (fruit fly) was completed, which along 
with C. elegans has been used for basic research in animals, including humans [140]. 
Also in 2000, the genome sequence of Arabidopsis was completed, which has been used 
extensively in basic plant research [141]. In 2002, a consortium of labs from several 
countries called the International Rice Genome Sequencing Project spent the equivalent 
of nearly 100 million dollars to complete genome sequences of indica [142] and japonica 
[143] rice (Oryza sativa L.) with Sanger sequencers. The rice genome sequence was the 
first sequence determined for a cultivated crop plant, and resequencing of the rice 
genome has provided additional insights in to genome structure and gene expression [144] 
With advancements in sequencing technologies, sequencing of the whole soybean 
genome became plausible [145]. A project to assemble a draft sequence of the soybean 
genome was funded by the National Science Foundation (NSF) and the United Soybean 
Board (USB) as a collaboration of many public scientists. The first draft of the soybean 
genome sequence was published in 2010, covered 85 % of the genome, and represented 
1.115 GB [146], which was a little smaller than earlier estimates of 1.26 GB [147]. An 
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updated version of the sequence that covered 88 % of the soybean genome was released 
in 2014 that incorporated high-density genetic maps, more expressed sequence tags 
(ESTs) and new RNA-Seq data [119]. The first draft of the soybean genome was 
predicted to contain about 46,000 genes [146]. The second draft of the soybean genome 
was predicted to contain as high as 55,000 protein-encoding loci [119].  
Sequencing technologies have changed very rapidly in the last five years. 
Massively parallel sequencing technologies like Roche 454 and Illumina platforms 
rapidly increased sequence data output [148]. The biggest advantage over the Sanger 
sequencer was the massive output these technologies produce [148]. Each platform has 
advantages and disadvantages. For example, the Illumina platform generates around 300 
million reads, but the 454 generates only 10-15 million reads [149]. However, individual 
sequence reads from 454 sequencers approach 1000 nt while reads from Illunima 
sequences are only 100 nt (HiSeq 2000) or 150 nt (HiSeq 2500) [149]. A new Illumina 
instrument, the MiSeq sequencer, produces longer 300 nt reads, but only 15 million reads 
per run [150]. Recently, the Ion Personal Genome Machine sequencer was developed that 
produces 10 million 800-nt reads per run in less than 3 hours [149]. In contrast, a typical 
run on an Illumina HiSeq takes nearly two weeks. Of the three platforms, the Illumina 
sequencers have had the lowest error rates making them the most popular. 
Employing NGS technologies, the genome of G. soja has been sequenced 
utilizing the G. max genome to assist in sequence assembly.  The G. soja genome 
sequence was 96.24 % identical to the G. max genome sequence even when large 
deletions were considered [151]. A physical map of the G. soja genome also has been 
constructed [152] and it showed less than 2 % differences from the G. max genome. 
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CHAPTER 2 
 
IDENTIFY SINGLE NUCLEOTIDE POLYMORPHISMS (SNPS) BETWEEN 
PARENTAL ACCESSIONS THAT SEGREGATE RESISTANCE TO 
SCLEROTINIA STEM ROT IN DEVELOPED POPULATIONS1 
 
Abstract 
Like many widely cultivated crops, soybean (Glycine max (L.) Merr.) has a 
relatively narrow genetic base, while its perennial distant relatives in the subgenus 
Glycine Willd. are more genetically diverse and display desirable traits not present in 
cultivated soybean. To identify single nucleotide polymorphisms (SNPs) between a pair 
of G. latifolia accessions that were resistant or susceptible to Sclerotinia sclerotiorum 
(Lib.) de Bary, reduced-representations of DNAs from each accession were sequenced. 
Approximately 30% of the 36 million 100-nt reads produced from each of the two G. 
latifolia accessions aligned primarily to gene-rich euchromatic regions on the distal arms 
of G. max chromosomes. Because a genome sequence was not available for G. latifolia, 
the G. max genome sequence was used as a reference to identify 9,303 G. latifolia SNPs 
that aligned to unique positions in the G. max genome with at least 98% identity and no 
insertions and deletions. To validate a subset of the SNPs, nine TaqMan and 384 
GoldenGate allele-specific G. latifolia SNP assays were designed and analyzed in F2 G. 
latifolia populations derived from G. latifolia plant introductions 559298 and 559300. All 
nine TaqMan markers and 91% of the 291 polymorphic GoldenGate markers segregated 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  This chapter appeared in its entirety in the Theoretical and Applied Genetics as Chang, 
S., Hartman, G.L., Singh, R.J., Lambert, K.N., Hobbs, H., Domier, L. L., 2013. 
Identification of high-quality single-nucleotide polymorphisms in Glycine latifolia using 
a heterologous reference genome sequence. 126(6) 1627-1638. This article is reprinted 
with the permission of the publisher and is available from http://www.link.springer.com 
and using DOI: 10.1007/s00122-013-2079-8. 	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in a 1:2:1 ratio. Genetic linkage maps were assembled for G. latifolia, nine of which were 
uninterrupted and nearly collinear with the homeologous G. max chromosomes. These 
results used a heterologous reference genome sequence to identify several thousand 
informative high-quality SNPs for G. latifolia and generated the first genetic maps for 
any perennial Glycine species. 
 
Introduction 
Soybean (Glycine max (L.) Merr.; 2n=40) is the sole domesticated member of 28 
known species of the genus Glycine Willd.[1]. The genus Glycine has been divided into 
two subgenera, Glycine Willd. and Soja (Moench) F. J. Hermann. The subgenus Soja 
contains the annuals G. max (cultigen) and its wild progenitor G. soja Sieb. et Zucc; both 
native to Northeast Asia. The subgenus Glycine contains 26 perennial species, including 
G. canescens Herm., G. clandestina Wendl., G. latifolia (Benth.) Newell & Hymowitz, 
and G. tabacina (Labill.) Benth., that are native to Australia and grow in a wide range of 
climatic conditions [2]. The genetically diverse perennial Glycine species possess 
potentially useful genes that so far have not been characterized or used to improve 
soybean. Useful traits that have been identified in the perennial species include genes for 
resistance to pathogens that cause brown spot[3], cyst nematode[4], Sclerotinia stem 
rot[5], and soybean rust[6,7]. Fertile plants have been recovered from crosses between G. 
max and G. tomentella (2n=78) Hayata by embryo rescue of F1 immature seeds, 
colchicine-induced chromosome doubling and repeated backcrossing [8,9]. Others have 
attempted to produce crosses between G. max and other perennial Glycine species using 
similar techniques, but failed to produce fertile lines [10-12]. As an alternative to wide 
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crosses, it may be possible with appropriate genetic and genomic resources, to identify 
the desirable genes in the wild relatives by positional cloning and move them into highly 
adapted varieties through DNA-mediated transformation [13,14].    
Recent developments in techniques for high-throughput genomics have provided 
tools to characterize genetic diversity in perennial Glycine species that could be 
beneficial to soybean production especially when resistance is generally lacking, as in the 
case of soybean resistance to Sclerotinia stem rot. While the genome of G. soja has been 
sequenced [15], few molecular genetic tools are available for the perennial Glycine 
species. Only a few attempts to use markers developed for G. max with perennial Glycine 
species have been successful. For example, on average about one third of the primers for 
G. max microsatellite markers amplified fragments from G. clandestina, G. cyrtoloba 
Tind. or G. tomentella DNAs [16,17]. To begin to address the lack of molecular markers 
for perennial Glycine species, Bronski et al. [18] identified 13 microsatellite markers that 
were polymorphic among the A-genome perennials (G. argyrea Tind., G. canescens, G. 
clandestina, G. latrobeana (Meissner) Benth., G. rubiginosa Tind. & Pfeil, and G. 
syndetika Pfeil & Craven). Recently, Hyten et al. [19] and Wu et al. [20] reported the 
identification of single nucleotide polymorphism (SNP) markers using high-throughput 
Illumina sequencing of reduced representation libraries of genomic DNA of G. max 
parental lines and used them to analyze corresponding mapping populations. In both 
studies, greater than 90% of the SNPs predicted from multiple sequences and selected for 
analysis were verified, which demonstrated the quality of the Illumina sequencing data. If 
SNP frequencies are comparable in the perennial Glycine species to those in G. max, 
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high-throughput next-generation DNA sequencing could be a powerful tool to rapidly 
develop molecular genetic tools for the characterization of those materials. 
Sclerotinia stem rot (white mold), an important yield-reducing disease of soybean 
in the United States [21], is caused by Sclerotinia sclerotiorum (Lib.) de Bary, a 
necrotrophic fungus that produces oxalic acid, which induces the death of plant tissues 
before colonization [22]. Inheritance of low levels of resistance to S. sclerotiorum has 
been reported in G. max as being multigenic with relatively low heritability. Quantitative 
trait loci (QTLs) for resistance to Sclerotinia stem rot have been identified on 17 of the 20 
G. max chromosomes [23-28]. However, the associated QTLs have explained relatively 
low levels of the observed phenotypic variation, making marker-assisted selection for 
resistance untenable. In contrast, selected G. latifolia accessions showed higher levels of 
resistance to Sclerotinia stem rot [5]. In addition to enhanced resistance to Sclerotinia 
stem rot, G. latifolia accessions have been identified that are significantly more tolerant 
to the herbicide 2,4-dichlorophenoxyacetic acid than G. max [29]. Additionally, G. 
latifolia accessions have been shown to be tolerant to grazing, drought, and frost, and 
resistant to infection by Alfalfa mosaic virus, a common pathogen of soybean in the 
Midwestern United States [30-33]. Hence, G. latifolia is a potential source of several 
agronomically relevant genes for G. max. 
As a consequence of whole genome duplications, plant genomes contain large 
numbers of genes with very similar sequences in addition to interspersed highly repetitive 
transposable elements [34]. These repeated sequences pose a challenge for the use of 
high-throughput sequence data for SNP identification in plant species for which reference 
genome sequences are not available. Recent duplications, like that in the genus Glycine, 
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are evidenced by the presence of duplicate copies of most genes, which are often 
maintained in blocks with similar gene organizations [35]. In addition other genes, 
notably genes for resistance to plant pathogens, are members of highly conserved gene 
families [36]. While methods for SNP identification without a reference genome 
sequence have been reported [37], it can still be difficult to differentiate between 
nucleotide sequence variation among duplicated genes and allelic variation. In this study, 
we identified SNPs between G. latifolia accessions that were resistant or susceptible to S. 
sclerotiorum using the G. max genome sequence as a reference to help differentiate 
between highly conserved duplicated loci.  
 
Materials and Methods 
 
Plant materials and population development 
Glycine latifolia (2n=40) accessions PI 559298 and PI 559300 were obtained 
from the USDA Soybean Germplasm Collection in Urbana, Illinois (http://www.ars-
grin.gov/npgs/urbana.html). The responses of the two G. latifolia accessions to 
inoculation with S. sclerotiorum were confirmed using three to four plants for each 
accession grown in five 10-cm pots. Plants were inoculated with mycelial-agar plugs as 
described by Hartman et al.  [5] and evaluated for viability at one-week intervals and 
reinoculated after two and three weeks. The experiment was terminated after four weeks 
and repeated once. The numbers of surviving plants were counted at the end of the 
experiment for each accession.  
  28 	  
Reciprocal crosses were performed between the two G. latifolia accessions. 
Because G. latifolia accessions lacked obvious phenotypic markers that could be used to 
confirm that putative F1 plants were true hybrids, DNA was extracted from each parent 
using a DNeasy Plant Mini Kit (Qiagen, Valencia, CA) and portions of their DCL3 genes 
(Glyma04g06060) were amplified by polymerase chain reaction (PCR) using primers 5’-
ccgagaaattcaagccctctgcca-3’ and 5’-aggggtcaccgctggatgtgt-3’. The products were treated 
with ExoSAP-IT (Affymetrix, Cleveland, OH) and directly sequenced with Big Dye 
fluorescent terminator sequencing reagents (Applied Biosystems, San Diego, CA) as 
recommended by the manufacturers and analyzed at the University of Illinois, W.M. 
Keck Center for Comparative and Functional Genomics. DNA from putative F1 plants 
was similarly extracted, amplified and sequenced to confirm that the plants were true 
hybrids. The DCL3 gene was selected because it is relatively large (>10 kb) and single-
copy in the G. max genome [35].  
 
Library construction and sequencing  
DNA was extracted from leaf tissue of PI 559298 and PI 559300 as described 
above. For each accession, 50 µg of DNA was digested with four methylation-insensitive 
restriction enzymes, HaeIII, MslI, PstI, and SspI, and one enzyme, RsaI, cleavage by 
which is blocked by some combinations of overlapping CpG methylation, as described by 
Hyten et al.  [19]. DNA fragments of 300 to 500 bp were excised from agarose gels and 
purified using a QIAquick Gel Extraction Kit (Qiagen). To control for bias in the 
distribution of G. latifolia sequence reads aligned to G. max chromosomes that may have 
been introduced by restriction enzyme digestion, DNA from PI 559298 was randomly 
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fragmented by nebulization at 220 kPa for 1 min to produce fragments with an average 
size of 500 bp. Approximately 4 µg of each DNA sample were ligated to sequencing 
adapters and sequenced on Illumina sequencers (Illumina, Inc) at the W. M. Keck Center. 
Single-end reads of restriction enzyme digested DNAs of PI 559298 and PI 559300 were 
sequenced in a single lane using Illumina Multiplexing Sample Preparation and 
Sequencing Primer kits. Sequence reads from the multiplexed data were assigned to each 
accession using Illumina Pipeline Analysis software. Paired-end reads of the randomly 
sheared DNA of PI 559298 were sequenced in a separate lane. Low-quality G. latifolia 
sequence reads and sequence reads that aligned to the G. max chloroplast genome 
sequence [38] were removed from the data sets using the programs fastq_quality_filter 
(http://hannonlab.cshl.edu/fastx_toolkit/) and Bowtie2[39], respectively. To estimate the 
error rate in the sequencing reactions, filtered reads were aligned to four contig sequences 
(24 kb – 32 kb each) representing approximately 110 kb of the G. latifolia genome 
sequence that were assembled from the paired-end reads from randomly sheared DNA of 
PI 559298 using ABySS [40]. The filtered reads also were aligned to the G. max genome 
[35] and sequences of large-insert bacterial artificial chromosome (BAC) clones from a 
diploid G. tomentella accession   [41,42] using Bowtie2 and the “--very-sensitive” preset, 
which allowed for insertions and deletions and up to 12 mismatches in comparisons of 
the G. latifolia sequence reads to G. max and G. tomentella sequences. Glycine 
tomentella is another perennial relative of G. max, and is more closely related to G. 
latifolia than to G. max [1]. Consequently, a larger proportion of G. latifolia sequence 
reads were expected to align to G. tomentella than to G. max sequences. The filtered 
reads depleted of chloroplast sequences were also aligned to the predicted amino acid 
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sequences of G. max and G. tomentella transposable elements [41] using USEARCH [42] 
and an E-value threshold of 1.0×10-3. Sequence reads were deposited in the Sequence 
Read Archive (SRA052163.2, http://www.ncbi.nlm.nih.gov/Traces/sra) at the National 
Center for Biotechnology Information. 
 
SNP discovery 
Because a reference genome sequence was not available for G. latifolia, the G. 
max genome sequence was used to differentiate between informative SNPs and sequence 
variation in members of multigene families and between homeologous genes that resulted 
from the whole-genome duplication that occurred in the genus Glycine between 5×106 
and 1×107 years ago [43]. Sequences from the two G. latifolia accessions that were 
polymorphic at a single position and were detected from 3 to 20 times from each 
accession were aligned to the G. max genome using Bowtie2. Potential SNP markers 
were selected from G. latifolia sequences that were at least 98% identical to G. max 
sequences with no insertions or deletions, and that aligned at a single location in the G. 
max genome. The alignment parameters were selected to differentiate between 
homeologous loci because in G. max homoeologs share from 54% to 97% nucleotide 
sequence identity [44]. Initially, four and five loci allele-specific real-time PCR assays 
were designed using the Custom TaqMan Assay Design Tool (Applied Biosystems, 
Foster City, CA) to SNPs that mapped to G. max chromosome 4 and satellite 
chromosome 13, respectively, and obtained from Applied Biosystems (Appendix C). 
Subsequently, 384 GoldenGate SNP assays were designed using Illumina DesignStudio 
for SNPs that mapped to all 20 G. max chromosomes at an average spacing between 
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SNPs of 2.4×106bp. SNPs were selected with an average design score of 0.94 (Appendix 
D). Markers were named for the G. max chromosome and the nucleotide position on the 
chromosome (×10-6) to which the SNP-containing sequences aligned. 
 
SNP confirmation and segregation 
Two populations of 91 and 92 F2 plants were derived from reciprocal crosses 
between PI 559298 and PI 559300. DNA was extracted from each plant as described 
previously, assayed for TaqMan assays using an Applied Biosystems PRISM 7000 
Sequence Detection System and PRISM software and for GoldenGate assays using an 
Illumina iScan and genotype calls were made with Illumina BeadStudio. The markers 
were separated into linkage groups at a log of the likelihood ratio (LOD) 6.0 and 
maximum recombination level of 0.35 and the most probable marker order was selected 
after boot strap analysis using AntMap [45]. The positions on the G. max genetic map of 
the G. latifolia sequences were extrapolated by comparing the nucleotide sequence 
positions on G. max chromosomes of the aligned G. latifolia sequences to nucleotide 
sequence positions of mapped G. max SNPs [46]. Centimorgan (cM) map distances were 
estimated in G. latifolia using the Kosambi mapping function [47]. Goodness of fit of the 
observed segregation ratios to the expected 1:2:1 ratio was evaluated with χ2 tests in 
AntMap. Linkage maps were generated using MapDraw [48]. 
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Results 
 
Phenotypic and Sequence analysis 
Four weeks after initial inoculations with S. sclerotiorum, all plants of PI 559298 
(resistant) survived while all plants of PI 559300 (susceptible) died, confirming that the 
two accessions differed significantly in their response to the pathogen. Reduced 
representation libraries were prepared from genomic DNAs of PI 559298 and PI 559300, 
and sequenced on an Illumina sequencer, which produced 3.7×107 100-nt reads each. 
Sequencing of randomly sheared DNA from PI 559298 produced 1.54×108 100-nt reads, 
for which 3.6×107 reads were used in comparisons with sequences from the restriction 
enzyme-digested DNAs. A total of 1,214 filtered reads from the genome representations 
of PI 559298 and PI 559300 that aligned to approximately 110 kb of G. latifolia sequence 
assembled from all of the sequencing reads, showed an error rate of 0.14%, which was 
very similar to the 0.16% global error rate for Illumina data reported by Minoche et al. 
[49] in their analysis of the genome sequences of Arabidopsis thaliana (L.) Heynh. and 
Beta vulgaris (L.). Allowing no mismatches between reads, approximately 26% of the 
reads from each accession were singletons (9.0×106 from PI 559298 and 1.0×107 from PI 
559300), and 50% of the reads were represented from 2 to 50 times from each parent, 
suggesting the restriction enzyme digestions had resulted in representations of sufficient 
depth to detect SNPs between the two G. latifolia accessions (Table 2.1).  
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Alignment to G. max genome and G. tomentella sequences 
An average of 30% of the sequence reads from each G. latifolia accession aligned to the 
G. max genome sequence with at least 88% sequence identity allowing insertions and 
deletions for an overall alignment rate of 1.2×104 G. latifolia reads aligned per 106 bp of 
G. max genomic DNA. Of the aligning reads, 48% aligned at unique locations and 52% 
aligned at more than one location. The G. latifolia sequence reads were also aligned to 
4.5×106 bp of G. tomentella genomic sequence from 30 BACs [41]. About 5.6% of the G. 
latifolia sequence reads aligned to sequences from G. tomentella for an alignment rate of 
4.6×105 G. latifolia reads aligned per 106 bp of G. tomentella sequence data, which was 
much higher than the rate at which G. latifolia reads aligned to the G. max genome. As 
with G. max, about 50% of the G. latifolia reads aligned to unique locations in the 
combined G. tomentella BAC sequences.  
The distribution of the aligned G. latifolia sequences on G. max chromosomes 
closely paralleled the densities of gene sequences on G. max chromosomes [35]; few 
sequences aligned in heterochromatic pericentromeric regions [9], while many sequences 
aligned in distal portions of chromosomes (Fig. 2-1A). To test the preferential association 
of G. latifolia sequences with G. max coding regions, the positions in the G. max genome 
to which G. latifolia sequences aligned and a set of randomly generated chromosomal 
positions were compared to the positions of G. max gene models. Glycine latifolia 
sequences aligned on average within 3.1 kb of predicted genes in the G. max genome 
compared with greater than 61.5 kb for randomly selected positions. The possibility that 
few G. latifolia sequence reads aligned in pericentromeric regions of G. max 
chromosomes because of differential sensitivities of euchromatic and heterochromatic 
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DNAs to restriction enzyme digestion was evaluated by comparing the distribution of 
sequence reads from randomly sheared and enzyme-digested DNAs. The distribution of 
the sequence reads from restriction enzyme-digested and randomly sheared DNA of PI 
559300 were very similar (Fig. 2.1A) indicating that the distribution of sequences did not 
result from bias introduced by restriction enzyme digestion, but rather from divergence of 
nucleotide sequences of centromere-associated elements. When G. latifolia chloroplast-
derived sequences were included in the analysis, large numbers of chloroplast reads 
aligned to G. max chromosomes, including regions on chromosomes 4, 9,12, and 14 (Fig. 
2.1 B), and likely represented integration of chloroplast sequences into G. max 
chromosomes. 
The pericentromeric regions of G. max chromosomes contain high densities of 
centromeric repeats and transposable elements [35,50]. Even though Class I and Class II 
transposable elements constitute about 58% of the G. max genome [35], just 1.7% of the 
G. latifolia sequence reads from the nucleotide sequences of 32,370 G. max transposable 
elements [51] and 0.8% of the G. latifolia sequence reads aligned to the nucleotide 
sequences of 20 G. tomentella transposable elements [36]. Because nucleotide sequences 
of transposable elements are poorly conserved in the genus Glycine [52], the predicted 
amino acid sequences of G. latifolia sequence reads and G. max and G. tomentella 
transposable elements were also compared to increase the sensitivity of the analysis. The 
analysis showed that 6.6% and 13.0% of the predicted amino acid sequences of G. 
latifolia sequence reads aligned to predicted amino acid sequences of G. max and G. 
tomentella transposable elements, respectively. The higher proportion of reads aligning to 
G. tomentella than to G. max is not surprising given the closer relationship of G. latifolia 
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to G. tomentella than to G. max [1] and the observations of Chesnay et al  [53] that SIRE-
1 retroelements in perennial Glycine species were more diverse and were  distinct from 
those of G. max and G. soja.  
 
Identification and verification of SNPs in G. latifolia accessions 
Of the 100-nt sequences that were represented 3 to 50 times in each G. latifolia 
accession, over 350,000 were polymorphic at one or more positions between PI 559298 
and PI 559300. To differentiate between nucleotide sequence variation in homeologous 
genes and alleles of the same gene, the sequence reads containing polymorphisms were 
aligned to the G. max genome allowing at most two mismatches (≥98% identity) and no 
insertions and deletions. With those parameters, 2.6% of the variant G. latifolia 
sequences aligned to unique positions in the G. max genome (Table 2.2), which 
corresponded to 9,303 SNPs (an average of 456 SNPs per G. max chromosome) that 
might serve to anchor a G. latifolia genetic map to the G. max genetic map. 
To test the quality of the SNPs and their usefulness in comparing the synteny 
between the G. latifolia and G. max genomes, a subset of the unique 9,303 SNP-
containing sequences were selected for production of allele-specific markers.  Initially, 
nine markers, four on chromosome 4 and five on chromosome 13 were selected for the 
production of TaqMan PCR markers. All nine of the G. latifolia SNPs for which assays 
were designed segregated in the expected 1:2:1 manner in 92 lines of a G. latifolia F2 
population (Table 2.3), formed two distinct linkage groups, and mapped in similar orders 
in G. latifolia and G. max except that markers C13_33.2, C13_34.0, and C13_35.3 on 
chromosome 13 were inverted in G. latifolia relative to G. max (Fig. 2.2). The SNP-
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containing G. latifolia sequences also aligned with homeologous genes on G. max 
chromosomes 6, 7 and 15 (Table 2.3). However, the clustering of the markers into two 
linkage groups indicated that the markers differentiated the homeologous loci. To further 
confirm the usefulness of identified SNPs, an additional 384 Illumina GoldenGate SNP 
assays were evaluated in a second 91-line F2 population. Of the 384 SNP assays tested, 
28 failed, 62 were monomorphic, and three were heterozygous in all lines. A higher 
percentage of GoldenGate markers were monomorphic than TaqMan markers because the 
automated selection methods used for GoldenGate assays did not take into account 
sequence variation within each parent. Most of the monomorphic markers were members 
of highly repeated, likely multilocus sequences, that were disregarded in the manual 
selection of TaqMan markers.  Of the remaining 291 markers, all but 26 segregated in 
1:2:1 manner. For 16 of the 26 markers that deviated from 1:2:1, one of the parental lines 
was heterozygous for the markers. At LOD threshold of 6.0, 16 markers were unlinked, 
four of which were predicted to be located near the ends of linkage groups where 
recombination distances may have been too large to be incorporated into one of the 
linkage groups. Uninterrupted G. latifolia linkage maps were assembled that were nearly 
collinear with G. max chromosomes 1, 3, 4, 10, 11, 12, 15, 17, and 18 (Fig. 2.3 A and B). 
The orders of some closely spaced markers that mapped to regions that corresponded to 
pericentromeric regions in the homeologous G. max chromosomes were not resolved 
correctly (e.g., markers C04_27.9 and C18_33.8 on chromosomes 4 and 18, respectively). 
Similarly, the orders of G. max SNP markers derived from sequences within centromeric 
regions were difficult to resolve and the genetic maps were not always collinear with the 
genomic sequence in these regions [46].  Maps of the remaining G. latifolia 
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chromosomes were represented by two or more groups of linked markers. The numbers 
of markers assigned to the G. latifolia linkage groups ranged from 19 for chromosome 18 
to eight for chromosome 19, depending on the success rate of marker design. Markers 
were selected at an average spacing 2.4×106 bp, but as would be expected map distances 
were much lower in pericentromeric regions than in the distal arms of the G. latifolia 
chromosomes. Total map distance for the combined G. latifolia linkage groups was 2,166 
cM which is similar to estimates for G. max of 2296 to 2,550 cM [46,54-56]. The total 
map distance did not include unmapped terminal markers or gaps between markers, 
which likely would increase the total size of the linkage map. The results from both 
TaqMan and GoldenGate markers illustrated the usefulness of a heterologous reference 
genome sequence to identify unique and informative SNPs.  
 
Discussion 
In this study, SNP-containing G. latifolia sequences that aligned to unique 
locations in the G. max genome with at least 98% identity were shown to differentiate 
homeologous loci and map in the expected linkage groups. Even though the use of a 
heterologous reference genome sequence greatly reduced the number of potentially useful 
SNPs, it permitted the identification of sufficient variant single-copy sequences to allow 
construction of uninterrupted genetic linkage maps for nine of the 20 G. latifolia 
chromosomes.  While the genetics of resistance to soybean rust has been investigated in 
segregating populations of G. argyrea, G. canescens and G. tomentella [57-59], these are 
the first studies to produce genetic linkage maps in a perennial Glycine species. As in 
soybean where low levels of genetic recombination are observed in the repeat-rich 
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heterochromatic regions surrounding the centromeres [35], low levels recombination 
were detected in the corresponding regions of the G. latifolia chromosomes. The 
conserved marker orders and centromeric positions suggest that at least the nine G. 
latifolia chromosomes for which uninterrupted linkage maps were constructed share high 
levels of synteny with their G. max homoelogs that could be useful for gene identification 
and assembling complete genome sequences of perennial Glycine species. These 
observations are consistent with previous cytological comparisons of G. latifolia and G. 
max chromosomes [60]. 
The observation that few G. latifolia sequence reads aligned to pericentromeric 
regions of G. max chromosomes is consistent with prior observations that large-insert 
clones from pericentromeric regions of G. max failed to hybridize with genomic DNA 
from Glycine species other than G. soja [52]. Gill et al. [43] found that probes to high-
copy centromeric satellite repeats, CentGm-1 and CentGm-2, hybridized to chromosomes 
of G. soja, the wild annual progenitor of soybean, but to none of the perennial Glycine 
species analyzed, and concluded that there has been rapid divergence of the centromere-
associated DNA sequences within the genus Glycine. The lack of sequence conservation 
in regions proximal to centromeres is common in legume genomes [61] and may at least 
partially explain the difficulties of producing fertile hybrid plants between G. max and 
perennial Glycine species by traditional breeding methods, and the frequent cytogenetic 
observation of pericentromeric inversions in crosses among A and B genome species of 
the subgenus Glycine [62,63]. In addition activation of retrotransposons that occurs when 
plants harboring different populations of transposable elements are hybridized has also 
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been associated with genome instability that leads to sterility in hybrids of interspecific 
crosses [64,65] 
In contrast to divergent intergenic regions and retrotransposons, gene coding 
sequences were more highly conserved among Glycine species. Ilut et al. [66]in RNA-
Seq analysis of transcripts from G. dolichocarpa Tateishi & Ohashi, G. syndetika, and G. 
tomentella found that just 10% of transcript-derived sequences failed to align to G. max 
gene models. In contrast, 70% of G. latifolia genomic DNA sequences failed to align to 
the G. max genome. When G. latifolia genomic sequences aligned to the soybean genome, 
they were positioned closer to highly conserved gene coding regions than would have 
been expected for randomly selected sequences. Glycine latifolia sequences that aligned 
to the soybean genome were nearly twice as likely to align at more than one location 
(54%) than were RNA-Seq sequence reads from the three perennial Glycine species (38%) 
[66].  
Glycine latifolia sequences that were nearly identical to chloroplast genomes of G. 
max and other plants were the most highly represented sequences that aligned to the G. 
max genome. While the G. latifolia nuclear genome may also contain integrations of 
chloroplast sequences, the G. latifolia sequences were probably derived from plastid 
DNA, given the higher depth of coverage in regions containing similarity to chloroplasts 
sequences. While plastid-like sequences detected in the soybean genome could be 
assembly artifacts, integration of chloroplast sequences into nuclear genomes is common 
in both monocotyledonous and dicotyledonous plants and has been reported in A. 
thaliana, maize (Zea mays L.), rice (Oryza sativa L.), and tobacco (Nicotiana tabacum 
L.)[67-70]. For Arabidopsis, Huang [71] estimated that 1 in 16,000 pollen grains contains 
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a chloroplast-to-nuclear-genome transposition.  After integration, most plastid sequences 
are rearranged or lost, but a few genes are stably integrated [67].  
Because only low levels of resistance to S. sclerotiorum are found in many 
domesticated crop species, efforts have been made to introgress resistance from 
secondary and tertiary gene pools. In addition to the wild relatives of soybean, significant 
levels of resistance to S. sclerotiorum have been reported in wild relatives of bean 
(Phaseolus vulgaris L.) [72,73], canola (Brassica napus L.) [74,75], pea (Pisum sativum 
L.) [76,77], and sunflower (Helianthus annuus L.) [78,79], which in some cases has been 
partially transferred to fertile hybrids [80,81]. Even so, recovering full levels of resistance 
is impeded by the often polygenic nature of the phenotype, inefficient integration of alien 
DNA segments into adapted genomes, and difficulties in phenotypically identifying 
introgressed genes with small effects[82]. For example, when crosses were performed 
between G. max and a G. tomentella accession resistant to soybean cyst nematode and 
soybean rust, the resistance was retained in the ampidiploid progeny, but was lost during 
backcrossing [4,83,84]. By identifying chromosomal regions associated with resistance to 
S. sclerotiorum in wild relatives before hybridization, it may be possible to more 
precisely follow and combine alien DNA associated with resistance in progeny from wide 
crosses than could be accomplished by phenotypic selection alone. With sufficiently high 
density of molecular markers it may be possible to use map-based cloning to identify 
genes underlying agronomically important traits and move them by transformation to 
adapted plant materials without bringing in linked undesirable genes from the wild donor. 
However, resources for gene mapping are generally lacking in wild relatives of cultivated 
plants, as is the case with the perennial Glycine species. In this study, we identified SNPs 
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in G. latifolia, a perennial relative of cultivated soybean by high-throughput sequencing 
of reduced representations of the genomic DNAs of two G. latifolia accessions. These 
results showed that the SNPs identified from the genome sequences of PI 559298 and PI 
555300 will be useful for comparative gene mapping in G. latifolia and G. max and for 
moving agronomically valuable genes from a perennial Glycine species to cultivated 
soybean.  
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Tables	  
	  
Table	  2.1.	  Frequency	  distribution	  of	  occurrences	  of	  100-­‐nt	  reads	  from	  restriction	  enzyme	  digested	  DNA	  of	  Glycine	  latifolia	  accessions	  PI	  559298	  and	  PI	  559300	  No.	  of	  occurrences	  of	  a	  100-­‐nt	  read	   	   No.	  of	  100-­‐nt	  reads	  	   PI	  559298	  (%)	  	   	   No.	  of	  100-­‐nt	  reads	  	   PI	  559300	  (%)	  1	   9,954,094	  (24.1)	   9,026,205	  (27.0)	  2-­‐10	   5,779,470	  (18.0)	   6,726,420	  (15.7)	  11-­‐20	   4,013,250	  (13.4)	   5,014,059	  (10.9)	  21-­‐50	   7,179,659	  (23.2)	   8,706,321	  (19.4)	  51-­‐100	   4,260,433	  (9.9)	   3,713,213	  (11.5)	  101-­‐200	   1,783,968	  (2.8)	   1,039,182	  (4.8)	  201-­‐500	   1,065,651	  (2.6)	   962,012	  (2.9)	  501-­‐1,000	   677,178	  (1.6)	   596,512	  (1.8)	  1,001-­‐5,001	   994,544	  (2.4)	   881,218	  (2.7)	  5,001-­‐10,000	   407,785	  (1.1)	   413,519	  (1.1)	  >10,001	   802,052	  (1.0)	   371,172	  (2.2)	  Total	   36918084	  (100)	   37449833	  (100)	  The	  percentages	  of	  the	  total	  reads	  represented	  by	  each	  class	  are	  shown	  in	  parentheses.	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Table	  2.2.	  Numbers	  of	  100-­‐nt	  reads	  form	  Glycine	  latifolia	  that	  aligned	  to	  a	  single	  position	  on	  one	  of	  the	  sequences	  of	  G.	  max	  chromosomes	  
	   	   ≥88%	  identity	  /	  Indels	  /	  ≥1	  hit	   	   ≥98%	  identify	  /	  No	  indels	  /	  Unique	  Chromosome	   PI	  559298	   PI	  559300	   	   Total	   No.	  SNPs	  1	   599,037	   602,791	   	   147,240	   336	  2	   555,736	   596,865	   	   199,843	   530	  3	   405,784	   443,000	   	   163,916	   336	  4	   522,333	   538,581	   	   164,113	   470	  5	   480,397	   505,656	   	   175,942	   314	  6	   518,784	   566,169	   	   200,982	   482	  7	   477,489	   498,240	   	   167,620	   344	  8	   638,819	   672,305	   	   254,067	   464	  9	   652,933	   578,126	   	   176,930	   752	  10	   557,401	   592,765	   	   205,402	   474	  11	   478,169	   509,346	   	   186,168	   336	  12	   437,672	   453,342	   	   153,035	   532	  13	   1,038,953	   1,008,404	   	   242,433	   672	  14	   597,554	   527,685	   	   129,076	   616	  15	   472,328	   505,951	   	   166,248	   317	  16	   343,559	   371,813	   	   116,176	   264	  17	   479,794	   512,677	   	   194,599	   404	  18	   593,607	   587,480	   	   164,670	   406	  19	   490,419	   508,367	   	   164,079	   392	  20	   483,587	   500,333	   	   153,572	   694	  Scaffolds	   119,415	   114,924	   	   96,051	   168	  Total	   10,943,770	   11,194,820	   	   3,622,162	   9,303	  Single	  nucleotide	  polymorphisms	  (SNPs)	  were	  called	  when	  at	  least	  three	  100-­‐nt	  reads	  each	  from	  plant	  introductions	  559298	  (resistant)	  and	  559300	  (susceptible)	  co-­‐varied	  at	  the	  polymorphic	  positions.	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Table 2.3. Differentiation of target and homeologous loci with selected Glycine latifolia 
single nucleotide polymorphisms (SNPs) in an F2 population 
SNP 
Marker 
Observed 
Ratio1 
Chrom-
osome Position Targeted locus 
Percent 
identity2 
Homeologous 
locus 
Percent 
identity 
C04_0.04 21:48:21 04 389,640 Glyma04g006803 98 Glyma06g00720 94 
C04_02.3 21:49:20 04 2,314,484 Glyma04g03170 98 Glyma06g03220 92 
C04_04.7 22:55:14 04 4,677,344 Glyma04g06110 98 Glyma06g06110 94 
C04_06.7 22:45:24 04 6,793,290 Glyma04g08670 99 Glyma06g08780 94 
C13_28.3 26:47:16 13 28,205,002 Glyma13g24920 99 Glyma07g31520 95 
C13_32.0 20:52:19 13 32,070,242 Glyma13g29140 97 Glyma15g09920 95 
C13_33.2 22:40:27 13 33,414,540 Glyma13g30920 99 None found N/A 
C13_34.0 24:41:27 13 34,096,111 Glyma13g31700 98 Glyma15g07590 95 
C13_35.3 22:46:23 13 35,453,033 Glyma13g33710 98 Glyma15g39070 89 
1 Observed ratios represent the numbers of plants that were homozygous resistant: heterozygous: 
homozygous susceptible. 
2 Percent identify of the sequence of accession G. latifolia PI 559298 to the G. max genome sequence. 
3 Abbreviation indicates plant species (Glycine max [Glyma]), two digit chromosome number, and ordinal 
gene (g) number (five digits) for each locus. 
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 Figures 
 
Figure 2.1. Densities of alignments of 100-nt reads from restriction enzyme-digested 
DNA from G. latifolia accessions PI 559298 (blue bars) and PI 559300 (white bars) and 
randomly sheared DNA of PI 559298 (brown bars) (A) without chloroplast sequences 
and (B) including chloroplast sequences to the sequences of the 20 Glycine max 
chromosomes.  Most of the G. latifolia sequences aligned to gene-rich regions on the 
distal ends of G. max chromosomes. Few reads aligned within pericentromeric regions. 
Sequence reads nearly identical to G. max chloroplast genome sequence aligned in large 
numbers to multiple G. max chromosomes, including chromosomes 4, 9, 12, and 14.  
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Figure 2.2. Relative positions of nine Glycine latifolia TaqMan SNP markers that aligned 
to G. max chromosomes 4 or 13 were compared between G. latifolia and G. max. The 
positions of the markers in G. max were extrapolated from the genomic and genetic 
positions of previously mapped SNP markers. The genetic distances between markers for 
G. latifolia, indicated in Kosambi cM to the right of the G. latifolia maps, were estimated 
using a population of 92 F2 lines from a cross between PI 559298 and PI 559300. As in G. 
max, the markers formed to distinct linkage groups.  While the map distances between 
markers were larger in G. latifolia than in G. max, the relative orders of markers were 
similar, except that the order of markers C13_33.2, C13_34.0, and C13_35.3 on 
chromosome 13 were inverted in G. latifolia relative to the positions of the markers in G. 
max. Markers were named for the G. max chromosomes (C) and nucleotide positions on 
the chromosomes (×10-6) to which the SNP-containing sequences aligned.  
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Figure 2.3. Relative positions of Glycine latifolia GoldenGate SNP markers that aligned to G. 
max chromosomes. The genetic distances between markers for G. latifolia, indicated in Kosambi 
cM to the left of the maps, were estimated using a population of 91 F2 lines from a cross between 
PI 559298 and PI 559300. Markers in parentheses were assigned to the termini of linkage groups, 
but map distances were not calculated. (A) Uninterrupted G. latifolia linkage maps were 
assembled that were nearly collinear with G. max chromosomes 1, 3, 4, 10, 11, 12, 15, 17, and 18. 
(B) The relative order of markers on three of the nine uninterrupted genetic linkage maps of G. 
latifolia were compared to those of previously mapped G. max SNPs at the closest corresponding 
nucleotide position in the G. max genome sequence. Markers were named for the G. max 
chromosome (C) and the nucleotide position (×10-6) on the chromosome to which the SNP-
containing sequences aligned. 
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CHAPTER 3 
COMPARE THE GENOME STRUCTURES AND ORGANIZATIONS OF 
SELECTED PERENNIAL GLYCINE SPECIES WITH THAT OF G. MAX 1 
 
Abstract 
Soybean (Glycine max (L.) Merr.), like many cultivated crops, has a relatively 
narrow genetic base and lacks diversity for some economically important traits. Glycine 
latifolia (Benth.) Newell & Hymowitz, one of the 26 perennial wild Glycine species 
related to soybean in the subgenus Glycine Willd., shows high levels of resistance to 
multiple soybean pathogens and pests including Alfalfa mosaic virus, Heterodera 
glycines Ichinohe and Sclerotinia sclerotiorum (Lib.) de Bary. However, limited 
information is available on the genomes of these perennial Glycine species. To generate 
molecular resources for gene mapping and identification, high-density linkage maps were 
constructed for G. latifolia using single nucleotide polymorphism (SNP) markers 
generated by genotyping by sequencing and evaluated in an F2 population and confirmed 
in an F5 population. In each population, greater than 2,300 SNP markers were selected for 
analysis and segregated to form 20 large linkage groups. Marker orders were similar in 
the F2 and F5 populations. The relationships between G. latifolia linkage groups and G. 
max and common bean (Phaseolus vulgaris L.) chromosomes were examined by aligning 
SNP-containing sequences from G. latifolia to the genome sequences of G. max and P. 
vulgaris. Twelve of the 20 G. latifolia linkage groups were nearly collinear with G. max 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This chapter appeared in its entirety in the PloS One as Chang, S., Thurber, C., Brown, 
P.J., Hartman, G.L., Lambert, K.N., Domier, L. L., 2014. Comparative mapping of the 
wild perennial Glycine latifolia and soybean (G. max) reveals extensive chromosome 
rearrangements in the genus Glycine. This article is available from 
http://www.plosone.org and using DOI: 10.1371/journal.pone.0099427. 	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chromosomes. The remaining eight G. latifolia linkage groups appeared to be products of 
multiple interchromosomal translocations relative to G. max. Large syntenic blocks also 
were observed between G. latifolia and P. vulgaris. These experiments are the first to 
compare genome organizations among annual and perennial Glycine species and common 
bean. The development of molecular resources for species closely related to G. max 
provides information into the evolution of genomes within the genus Glycine and tools to 
identify genes within perennial wild relatives of cultivated soybean that could be 
beneficial to soybean production. 
 
Introduction 
Soybean (Glycine max (L.) Merr.) is a major source of dietary protein and oil in 
animal production and for human consumption worldwide [1]. With increasing utilization 
of soybean for animal feed in countries like China, there is added demand for soybean 
production [2]. Most of the increased demand for soybean products has been met by 
expanding the land area devoted to soybean production [3]. However, it is not clear if the 
expansion of soybean production areas alone will be able to keep pace with this growing 
demand. In addition, the global movement of soybean pathogens and pests and the 
emergence of new pathogens, as illustrated by the recent identification of soybean aphids 
(Aphis glycines Matsumura), soybean rust (Phakopsora pachyrhizi Syd.) and Soybean 
vein necrosis virus in North America [4-6], necessitates the identification of novel genes 
that will enable producers to meet the ever increasing demand for soybean production in 
the face of changing abiotic and biotic stresses.  
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Because of its narrow genetic base, soybean, like many cultivated crops, lacks 
diversity found in some of its wild relatives. The genus Glycine consists of 28 species 
split between two subgenera, Glycine Willd. and Soja (Moench) F. J. Hermann. The 
subgenus Soja contains two annual species, G. max, the domesticated species in the genus, 
and G. soja Sieb. & Zucc., both of which are native to Asia. The Glycine subgenus 
contains 26 species, including G. latifolia (Benth.) Newell & Hymowitz, that are native 
to Australia and surrounding islands, and have been shown to possess genes for 
agronomically valuable traits, such as resistance to Heterodera glycines Ichinohe and 
tolerance to Sclerotinia sclerotiorum (Lib.) de Bary. and drought [7-13].  
To date however, it has not been possible to utilize genes from the perennial 
Glycine species for soybean improvement even though G. max and the perennial Glycine 
species share a relatively recent whole genome duplication that occurred between 5 and 
13 million years ago [14,15]. Attempts to hybridize G. max and Glycine perennials have, 
with the exception of G. tomentella (2n=78) Hayata, been unsuccessful, even with in 
vitro embryo rescue [16,17]. Cytogenetic observations have shown aberrant chromosome 
paring in F1 hybrids leading to embryo abortion [18]. Sequence data from G. latifolia and 
G. tomentella suggest that differences in intergenic and pericentromeric sequences, 
including sequences of widely dispersed retrotransposons, have reduced chromosomal 
pairing during hybridization [19-21].   
Advances in molecular biology provide tools to circumvent the genetic barriers to 
capturing the biological diversity present in the perennial relatives of G. max. In addition 
to the genome sequence of G. max [15], the genome sequence of the wild annual species 
G. soja was recently determined [22], and shed light on similarities and differences 
  56 	  
between the two interfertile species. Using the genomic information, high-throughput 
sequencing and virus-based gene silencing techniques, multiple genes have been 
identified in soybean [23-26]. Even though gene mapping resources developed for G. 
max have not been directly useful in perennial Glycine species, the identification of large 
syntenic blocks between G. max and other legume species [27-30] suggests that high 
levels of synteny will be observed between annual and perennial Glycine species. The 
development of methods for cost-efficient discovery and mapping of single nucleotide 
polymorphism (SNP) markers through methods like genotyping by sequencing (GBS) 
[31,32] have made it possible to fine map genes in plant species for which genetic 
resources are lacking, as is the case with the perennial Glycine species. Here, we describe 
the construction of high-density linkage maps for a perennial relative, G. latifolia, of 
cultivated soybean and compare the orders of mapped SNP markers to their positions in 
the genome sequences of G. max and Phaseolus vulgaris L.  
 
Materials and Methods 
 
Plant materials  
Reciprocal crosses were performed between G. latifolia plant introduction (PI) 
559298 and PI 559300 (obtained from the USDA Soybean Germplasm Collection in 
Urbana, Illinois; http://www.ars-grin.gov/npgs/urbana.html) as previously described [19]. 
Populations were advanced by selfing the F2 generation to the F5 generation. 
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GBS mapping 
DNA was extracted from leaf tissue of PI 559298, PI 559300, 146 F2 plants and 
89 F5 plants using a DNeasy Plant Mini Kit (Qiagen, Valencia, CA). DNA samples were 
digested with BfaI and PstI-HF restriction enzymes (New England Biolabs, Ipswich, MA) 
as described by Thurber et al. [33]. For these experiments, BfaI was selected because it 
did not produce strong banding patterns in preliminary restriction enzyme digestions of G. 
latifolia DNA and PstI was selected because G. latifolia sequence data [19] contained an 
intermediate number of PstI recognition sites. For example, the previously determined G. 
latifolia sequence data were predicted to contain 2.1×104 MluI sites, 8.9×104 PstI sites 
and 3.1×105 HindIII sites. Up to 96 samples were sequenced per lane of a HiSeq2000 
(Illumina Inc., San Diego, CA) at the W. M. Keck Center at the University of Illinois, 
Urbana, IL, USA to produced 100-nt single-end reads. In both experiments, DNA from 
each of the parental lines was independently processed twice to serve as a control for 
SNP identification. The barcode splitter from TASSEL [34] was used to assign sequence 
reads to individual lines and remove barcode sequences, which produced 90-nucleotide 
sequence reads that were analyzed for SNPs. The parsed sequence data for the F2 and F5 
populations have been deposited in the NCBI Short Read Archive as part of project 
SRP013346. Next, three Perl scripts were used to analyze the sequence reads for the bi-
parental populations.  First, sequence reads for each individual/line in the F2 and F5 
populations and from the parental lines, PI 559298 and PI 559300, were aligned using 
Bowtie [35] to a G. latifolia pseudo-reference sequence, which was generated by 
sequencing 180-bp, 500-bp paired-end and 3-kb, 8-kb, and 15-kb mate-pair libraries 
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prepared from G. latifolia PI 559298 DNA, sequenced on an Illumina HiSeq 2000, and 
de novo assembled using ALLPATHS-LG [36] (Chang et al., manuscript in preparation). 
The resulting assembly contained 16,423 scaffolds representing 1,069 Mbp, with an N50 
of 235 Kb. Bowtie2 [37], which allows for insertions and deletions (indels), was also 
evaluated for read mapping, but at the high stringencies for matching employed, few 
indels were detected and the output from Bowtie was parsed more directly to SNP calls 
than output from Bowtie2. Second, SNPs were called when at least three reads from both 
replications of PI 559298 differed from both replications of PI 559300. Finally, Bowtie 
output files for each individual/line were used to assess allelic frequencies for each SNP 
using a custom Perl script, which ignored SNPs in low quality sequence reads (average 
quality scores of 40 or less). Based on allelic frequencies at each locus for each line, the 
Perl script then created a genotype matrix file for linkage analysis.  Markers with less 
than 30% missing data and whose segregation did not differ significantly (P>0.05) from 
expected segregation ratios were selected for de novo linkage map construction.  
Linkage maps were constructed using MSTMap [38] with a P-value = 1.0-9, and 
visualized using MapDraw [39]. Consensus linkage maps were constructed for G. 
latifolia from the F2 and F5 data using MergeMap [40]. A weight of 5.0 was assigned to 
the F5 linkage maps and a weight of 1.0 to F2 linkage maps to reflect the higher 
confidence in the quality of the maps because of the reduced potential for errors in calling 
of heterozygous genotypes in the F5 population relative to the F2 population. To assess 
the synteny between G. latifolia linkage groups (LGs) and G. max chromosomes, SNP-
containing sequences from G. latifolia were aligned to the G. max genome sequence [15] 
using BLAST [41]. For comparisons with P. vulgaris chromosomes, G. latifolia SNP-
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containing sequences and G. max gene models [15] were aligned to P. vulgaris 
chromosomes (http://www.phytozome.net/commonbean.php) using BLAST and 
visualized with MizBee [42]. When G. latifolia sequences aligned at more than one 
location, the most syntenic location was chosen for these analyses. 
 
Results 
 
Mapping GBS SNP markers in G. latifolia populations 
Genotyping by sequencing of the F2 population produced a total of 4.00×108 100-
nt reads, of which 1.70×108 passed all quality controls and uniquely aligned to PI 559300 
sequences. After barcodes were removed, 90 nt were used for SNP discovery. In the F2 
population, 5,160 markers could be reliably scored between the parental lines PI 559298 
and PI 559300. Linkage maps constructed from that initial data set represented over 
13,000 centimorgans (cM), which was significantly larger than G. max (2,296 to 2,550 
cM) and previous G. latifolia (1972 cM) linkage maps [19,43-46] and likely resulted 
from errors in calling heterozygous genotypes because of low coverage at some loci.  The 
data set was reprocessed to exclude markers with more than 30% missing data and with 
segregation ratios that differed significantly from 1:2:1 (P>0.05), which resulted in 2,377 
markers (Appendix E).  The average depth of coverage for the selected SNPs was 32 
reads per locus and ranged from 0 to 270 reads.  The markers formed 20 large LGs (Fig. 
3.5), with an average of 119 markers per LG (Table 3.1), and a total length of 2,305 cM. 
To confirm marker orders, an F5 population was analyzed by the same procedures. The 
analysis produced a total of 1.92×108 100-nt reads, of which 1.05×108 passed all quality 
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controls and uniquely aligned to PI 559300 sequences. The data produced 7,081 SNPs 
between the parental lines, from which 3,110 GBS markers (Appendix F) were selected 
using similar criteria and analyzed in an F5 population.  Average depth of coverage for 
the selected SNPs was 21 reads and ranged from 0 to 264 reads. As with the F2 
population, most of the markers formed 20 large LGs (Fig. 3.6), with an average of 155 
markers per LG and a total map length of 3,110 cM. A total of 1,777 markers were shared 
between the two populations with 600 markers unique to the F2 population and 1,333 
markers unique to the F5 population.  The orders of shared markers were very similar in 
linkage maps constructed from the F2 and F5 populations (Fig. 3.1). In some cases, 
markers that appeared to segregate in the F2 population did not segregate in the F5, 
presumably caused by errors in calling heterozygous loci in the F2 population. The shared 
markers were used as a framework to construct consensus linkage maps for G. latifolia 
(Fig. 3.1 & 3.7).  The merged consensus maps contained 3,710 markers (Table 3.1). 
  
Synteny between G. latifolia linkage groups and G. max chromosomes 
Because little information is available on G. latifolia chromosomes, or 
chromosomes of any other perennial Glycine species, G. latifolia LGs were named for the 
G. max chromosomes to which G. latifolia SNP-containing sequences predominantly 
aligned. When mapped orders of G. latifolia SNPs were compared to positions of their 
sequences in the G. max genome, G. latifolia LGs 1, 3, 4, 6, 9, 10, 11, 12, 14, 15, 17, and 
18 showed a high degree of collinearity with the corresponding G. max chromosomes and 
no interchromosomal rearrangements (Fig. 3.2). In contrast, the remaining eight 
chromosomes each had at least one interchromosomal rearrangement relative to G. max 
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(LG 13: one rearrangement; LG16: two rearrangements; LGs 2, 5, and 8: three 
rearrangements; LGs 7 and 20: four rearrangements and LG 19: five rearrangements). For 
example, G. latifolia LG 13 contained regions syntenic with G. max chromosomes 13 and 
20 and G. latifolia LG 2 contained regions syntenic to G. max chromosomes 1, 2, 8, 13 
and 19 (Fig. 3.2). Glycine latifolia chromosome 8 appeared to be the product of two 
translocations between G. max chromosomes 2 and 8. Similarly, G. latifolia LG 20 
appeared to contain a reciprocal translocation between G. max chromosomes 2 and 20. 
Syntenic blocks in rearranged LGs corresponded to between 0.3 Mb and 30 Mb (between 
G. latifolia LG 8 and G. max chromosome 8) in the G. max genome with an average of 
6.9 Mb. Even though we described the structure of G. latifolia linkage groups as products 
for rearrangements relative to G. max, the structures of the ancestral chromosomes is not 
known. Hence, in some cases, G. latifolia linkage groups may have under gone fewer 
rearrangements than G. max chromosomes. Singleton markers (single G. latifolia SNP 
markers that aligned to a G. max chromosome without at least a second proximal 
collinear marker) were ignored for these analyses.  
As with molecular markers in G. max, comparison of the genetic distances 
between GBS markers in G. latifolia and the physical distances between positions to 
which the SNP-containing sequences aligned on G. max chromosomes, indicated that 
there was reduced recombination in regions that corresponded to G. latifolia centromeres 
(Fig. 3.3). Points deviating from the main line may represent mis-aligned, or mis-mapped 
sequences or intrachromosomal rearrangements. No G. latifolia markers were identified 
that aligned to 13.7 Mb and 15.0 Mb in the central regions of G. max chromosomes 5 and 
20, respectively, which may have been caused by low GBS marker density (i.e., lack of 
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PstI cutting sites) or low sequence conservation in highly repetitive pericentromeric 
regions. 
 
Similarities between G. latifolia linkage groups and Phaseolus vulgaris chromosomes. 
The progenitor of P. vulgaris diverged from the Glycine about 19 million years 
ago [47,48]. While 3,664 SNP-containing sequences from G. latifolia aligned to the G. 
max genome, 2,063 G. latifolia sequences aligned to P. vulgaris chromosomes. For G. 
max, the sequences of 30,327 gene models aligned to P. vulgaris chromosomes. As 
reported for comparisons between G. max and P. vulgaris [49], extensive blocks of 
synteny were observed between G. latifolia LGs and P. vulgaris chromosomes (Fig. 3.4). 
McClean et al. observed that the pericentromeric regions of G. max chromosomes 10, 12, 
14, 17, 18, and 20 had extensive syntenic blocks with P. vulgaris chromosomes. Glycine 
latifolia LGs 7 and 20 appeared to have larger syntenic blocks with single P. vulgaris 
chromosomes than with G. max chromosomes. Both G. latifolia LGs 10 and 20 showed 
large blocks of synteny with P. vulgaris chromosome 7, as did G. max chromosome 10. 
The results suggest that G. max chromosome 7 and 20 have been reorganized after the 
whole genome duplication event, but G. max chromosome 10 and G. latifolia LGs 7, 10 
and 20 appear to have retained gene orders more similar to shared ancestral chromosomes. 
 
Discussion 
Glycine latifolia is a perennial relative of soybean that is native to eastern 
Australia with a trailing or twining growth habit [50]. Like G. max, the genome of G. 
latifolia contains 2n = 40 morphologically similar chromosomes [50]. In this study, we 
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used GBS to construct high-density linkage maps for G. latifolia and showed that eight of 
the 20 G. latifolia LGs were rearranged relative to G. max chromosomes. Linkage maps 
were constructed de novo from F2 and F5 populations to confirm marker orders. 
Genotyping by sequencing has been applied to several plant species with and without 
reference genome sequences. For example, Sonah et al. [51] reported the application of 
GBS to a set of eight diverse soybean genotypes and identified from 4,028 to 5,807 SNPs 
between pairs of soybean lines by aligning sequence reads to the G. max genome 
sequence. Similar to results reported here, Ward et al. [52] produced genetic maps for 
raspberry (Rubus idaeus L.) without a reference sequence consisting of 2,391 and 4,521 
markers. Russell et al. [53] used 1,901 SNPs identified using GBS without a reference 
sequence to map quantitative trait loci in blackcurrant (Ribes nigrum L.). Similar to this 
study, Ma et al. [54] identified 3,745 SNP by GBS in Miscanthus sinensis Anderss, a 
potential bioenergy crop [55], and used them to compare the genome organization of M. 
sinensis to those of Brachypodium distachyon L., Oryza sativa L., Sorghum bicolor (L.) 
Moench, and Zea mays L. by aligning the SNP-containing sequences to the heterologous 
genome sequences. 
Mahama et al. [56] genetically and cytologically identified seven different 
chromosomal translocation lines in soybean and reported that crossing a soybean line 
homozygous for a single translocation with a wild-type soybean line resulted in 
significant levels of pollen abortion, ovule abortion, and reduction in seed set. Hence, it is 
not surprising that crosses between G. latifolia and G. max that involve eight 
chromosomes with multiple translocations do not produce fertile progeny [57]. Following 
embryo rescue and colchicine treatment to double chromosome numbers [58], it may be 
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possible to recover lines that retain unrearranged G. latifolia chromosomes from wide-
hybridization experiments between G. latifolia and G. max, but lines containing 
chromosomes with multiple translocations would likely not be fertile.  
Using fluorescence in situ hybridization–based karyotyping of the seven soybean 
translocation lines, Findley et al. [59] identified reciprocal translocations between G. max 
chromosomes 1 and 8; 2 and 8; 2 and 11; 4 and 13; and 5 and 13. It is interesting that G. 
latifolia LGs also showed reciprocal exchanges between chromosomes 2 and 8, which 
may indicate the presence of recombination hotspots in the rearranged chromosomes. It 
has been difficult to identify translocations in soybean because of its small and 
morphologically similar chromosomes [60]. Consequently, it is possible that other 
recombination hotspots remain to be identified. 
Based on hybridization success, hybrid seed viability, fertility of F1 plants in 
intra- and interspecific hybrids and degree of meiotic chromosome pairing, species within 
the genus Glycine have been assigned genome types [61]. Glycine latifolia, along with G. 
microphylla Tindale, and G. tabacina (Labill.), Benth (all 2n=40) contain B genome 
types. In interspecific crosses, G. latifolia, G. microphylla and G. tabacina produce 
vigorous F1 plants with normal seed set [61-64], which suggests that G. microphylla and 
G. tabacina, other than paracentric inversions [65], have chromosome structures very 
similar to those found in G. latifolia. In contrast, F1 plants from crosses between D-
genome perennial species (i.e., G. tomentella) show seedling lethality [50,63]. It has been 
possible to recover plants from crosses between G. tomentella and G. max, using G. 
tomentella lines with 78 chromosomes [16,17]. The 2n=78 G. tomentella lines may 
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contain a set of 20 chromosomes that have fewer rearrangements than G. latifolia that 
facilitate chromosome pairing during crossing with G. max. 
Generally, nuclear genomes of closely related species show high degrees of 
collinearity that degrade with increasing phylogenetic distance, but the rates at which 
chromosomes diverge vary widely among taxa [66]. In comparisons of genetic maps 
between Arabidopsis thaliana (L.) Heynh. and Brassica nigra (L.) W.D.J. Koch, 
Lagercrantz [67] estimated that there had been about three chromosomal rearrangements 
per million years since the two species had diverged 11 to 35 million years ago [68]. In 
contrast, Koch et al. [69] estimated that Arabidopsis lyrata L. and Capsella rubella Reut. 
had undergone less than 0.09 rearrangements per million years since the two lineages 
diverged 10 to 14 million years ago. Like G. tomentella, G. latifolia diverged from the 
progenitors of G. max between 5 and 7 million years ago [20,70], which would mean that 
the genomes of G. latifolia and G. max have undergone up to five interchromosomal 
rearrangements per million years. This number is higher than in the studies mentioned 
above and may indicate a higher rate of chromosomal instability or simply that a higher 
density of markers was used which permitted the detection of a larger number of 
chromosomal rearrangements. In addition to being geographically isolated from the 
progenitors of G. max, G. latifolia, like other 2n=40 perennial Glycine species, often 
produces seed from cleistogamous flowers [60], which reduces its opportunities for 
outcrossing and possibly removing some of the selection pressure against chromosomal 
rearrangements. As a consequence, more translocations may have been preserved in 
Glycine species than in other non-Glycine species examined that outcross more readily. 
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As functions are assigned to G. max genes, the perennial Glycine species become 
important sources of new alleles that can be isolated and moved into G. max by standard 
transformation or developing gene replacement technologies [71-73]. Jones et al. [74] 
recently demonstrated the feasibility of this approach by using Agrobacterium-mediated 
transformation to transfer a functional gene for resistance to late blight (caused by 
Phytophthora infestans (Mont.) DeBary) from Solanum venturii Hawkes & Hjerting to 
cultivated potato (Solanum tuberosum L.). Gene identification in perennial Glycines 
species would be greatly aided by determining the genomic sequences for at least a subset 
of the species.  Because many of the chromosomes of perennial Glycine species are 
collinear with their G. max homologues, the G. max genome sequence could be used as a 
reference to assemble genome sequences of perennial Glycine species. Using the 
heterologous G. max reference sequence will reduce the depth of sequence coverage 
needed for genome assembly compared to de novo genome sequencing [75,76]. Even 
though genetic hybridization may not be possible by standard means, methods for high-
throughput gene mapping and identification afforded by next-generation sequencing 
provide tools to capture the variation present in the wild species. 
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Table 3.1. Comparison of F2, F5, merged and Chang et al. [19] maps 
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Table 1 Comparison f F2, F5, merged and Chang et l. [19] maps 
  Markers  Length (cM) 
Linkage 
Group F2 F5 Merged 
Chang 
et al. 
[19]  F2 F5 Merged 
Chang 
et al. 
[19] 
1 123 185 206 17  116.7 92.2 139.8 117.44 
2 152 192 229 15  142.6 162.6 220.4 196.71 
3 87 127 157 10  91.4 103.6 137.7 46.96 
4 107 138 158 13  121.0 95.8 153.4 124.51 
5 139 155 202 8  137.5 94.3 180.3 62.18 
6 157 207 240 13  159.5 119.4 183.1 112.52 
7 80 128 144 15  85.4 93.8 129.7 93.96 
8 150 175 214 13  129.9 141.8 175.2 151.24 
9 126 175 201 14  129.6 118.4 153.7 94.25 
10 102 149 174 11  112.7 132.0 171.7 98.99 
11 106 128 164 13  114.4 104.0 132.3 103.77 
12 94 103 130 16  91.9 100.9 118.4 116.93 
13 115 169 193 15  96.9 94.0 130.6 156.41 
14 85 75 125 12  79.1 39.5 95.8 51.73 
15 114 164 185 12  104.4 98.3 125.9 103.64 
16 119 155 182 9  102.8 95.9 144.7 64.38 
17 136 167 202 11  126.9 90.6 147.5 67.76 
18 130 177 199 19  124.4 98.8 156.1 90.93 
19 131 179 214 11  121.8 94.4 147.7 44.11 
20 124 162 191 11  116.3 136.5 170.3 73.8 
Total 2377 3110 3710 258  2305.2 2106.8 3014.3 1972.2 
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Figures 
 
Figure 3.1.  Comparison of F2, F5 and merged linkage maps for GBS SNP markers for 
Glycine latifolia linkage groups 1 and 20. Orders of SNP markers were very similar 
between the F2 and F5 populations.  In some cases, markers that segregated in the F2 
population co-localized in the F5 population, which may have resulted from errors calling 
heterozygous loci in the F2 population. While linkage group 1 showed a high level of 
collinearity with G. max chromosome 1, linkage group 20 had regions of collinearity with 
multiple G. max chromosomes. Even so, there was good agreement in marker order 
between the F2 and F5 populations for linkage group 20.  
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Figure 3.2. Synteny between Glycine latifolia linkage groups and G. max chromosomes. 
Sequences containing mapped G. latifolia SNPs were aligned to the G. max genome 
sequence. Glycine latifolia linkage groups (top) and physical maps for each G. max 
chromosome (bottom) are displayed as linear arrays. Vertical and diagonal lines connect 
genetic and physical locations of SNP markers between the two species. 
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Figure 3.3. Comparison of genetic distances in Glycine latifolia to physical distances in 
G. max for linkage groups/chromosomes 1 and 18. Glycine latifolia linkage groups 1 and 
18 showed a high degree of collinearity with the corresponding G. max chromosomes. 
The genetic distances in G. latifolia were plotted against the physical locations of the 
SNP markers on the G. max chromosomes 1 and 18. As in G. max, the predicted ratios of 
genetic and physical distances varied along G. latifolia linkage groups. The slopes were 
steeper near the ends of linkage groups and flatter near the center in regions predicted to 
correspond to centromeres, where recombination is lower. 
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Figure 3.4. Comparison of synteny of individual Glycine latifolia linkage groups 7, 10 
and 20 with G. max and Phaseolus vulgaris chromosomes. Glycine latifolia linkage 
groups (A & B) and G. max chromosomes (C) are placed at the top of each circle with 
colored lines connecting positions of G. latifolia SNP marker (A & B) or G. max gene 
model (C) sequences to positions in G. max (Gm01 – Gm20) or P. vulgaris (PV01 – 
PV11) chromosomes, represented by gray boxes. Glycine latifolia linkage groups 7 and 
20 appeared to have larger syntenic blocks with single P. vulgaris chromosomes than G. 
max chromosomes. Both G. latifolia linkage groups 10 and 20 showed large block of 
synteny with P. vulgaris chromosome 7, as did G. max chromosome 10. Synteny maps 
were constructed using MizBee (Meyer, Munzner et al. 2009). 
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CHAPTER 4 
IDENTIFICATION OF LOCI THAT CONTRIBUTE TO SCLEROTINIA STEM 
ROT RESISTANCE IN PERENNIAL GLYCINE SPECIES USING BI-PARENTAL 
MAPPING POPULATIONS  
 
Abstract 
 
Sclerotinia stem rot (SSR) causes significant losses in soybean (Glycine max), but 
like other crop species, effective resistance has not been identified in soybean germplasm. 
Loci have been associated with reduced susceptibility of soybean to SSR, but have had 
low heritability, and have not been incorporated into soybean breeding programs. 
However, accessions of Glycine latifolia, a wild perennial relative of soybean, have 
shown high levels of resistance to SSR. To identify loci associated with resistance to SSR 
in G. latifolia, populations of F2 and F5 plants were developed, used to generate high-
density linkage maps, and evaluated for their sensitivities to oxalic acid, a pathogenicity 
determinant for Sclerotinia sclerotiorum, the causal agent of SSR. Major loci for 
tolerance to oxalic acid were discovered on G. latifolia linkage groups (LGs) 14 and 19. 
The loci on LGs 14 and 19 explained 26% and 27% of the phenotypic variation for the 
trait, respectively. The locus on G. latifolia LG 19, but not the locus on LG14, overlapped 
a previously described locus in soybean for resistance to SSR. This finding suggested that 
the soybean locus might condition partial resistance to SSR by reducing sensitivity to 
oxalic acid. The sequences of G. latifolia chromosomes corresponding to the genetic 
intervals on LGs 14 and 19 contained 10 and 68 predicted genes, respectively. These 
experiments demonstrated that it is possible to identify loci for agronomically important 
traits in wild perennial relatives of soybean that are not present in the soybean primary 
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gene pool.  Identification of the genes underlying tolerance to oxalic acid in G. latifolia 
will increase our understanding of the mechanisms of resistance to this disease. 
 
Introduction  
Sclerotinia stem rot (SSR) is a serious disease problem caused by Sclerotinia 
sclerotiorum (Lib.) de Bary that affects soybean (Glycine max (L.) Merr.) production in 
the United States and Canada [1-3]. The life cycle of this necrotrophic fungus allows it to 
persist in the soil for multiple years [4]. Sclerotinia sclerotiorum ascospores produced by 
apothecia formed on overwintered sclerotia initially infect flowers of plants in the spring, 
and them spread to leaves and stems [4]. Because the fungus has a very broad host range 
of over 500 species [1], there often are infected susceptible plants species in proximity to 
soybean fields.  
Fungicides provide only limited control of SSR because they need to be sprayed 
prior to outbreaks and must work systemically [5]. Consequently, host-plant resistance is 
the most effective method for control of SSR. In all species analyzed, resistance to SSR 
has been controlled by multiple genes each with small effects. Quantitative trait loci 
(QTL) for resistance to SSR have been identified on 17 of the 20 G. max chromosomes 
[6-12]. In rapeseed, 21 QTL were identified by different inoculation methods [13].  In 
sunflower, 16 QTL were identified [14]. No single QTL has been identified with major 
effects in any cultivated crop. Resistance loci identified differ among experiments within 
soybean germplasm, and the loci have low phenotypic variation. Most mapping studies 
for SSR resistance in soybean used low-density microsatellite markers, which produced 
wide QTL intervals containing weakly effective resistance loci. Some of the QTL regions 
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covered greater than 10% of the chromosomes. As a result, it has not been practical to 
incorporate these markers into marker-assisted breeding programs.    
As described in Chapters 2 and 3, populations of plants were derived from SSR-
resistant and susceptible Glycine latifolia (Benth.) Newell & Hymowitz accessions and 
analyzed for segregation of molecular markers. Even though, customized quantitative 
real-time polymerase chain reaction (qRTPCR) single-nucleotide polymorphism (SNP) 
assays reliably detected the targeted SNPs in a population, each SNP assay needed to be 
individually designed and synthesized prior to use, and it was very labor intensive to 
screen large numbers of samples at one time. The GoldenGate SNPs had a very robust 
detection rate and were less labor intensive than qRTPCR assays, but the costs to 
synthesize and perform the SNP detection were very high [15,16]. Recently, genotyping 
by sequencing (GBS), has gained in popularity [17] because the technique can scan 
whole genomes for SNPs less expensively, and with less labor than is required for 
microsatellite or chip-based SNP assays. The GBS strategy was used in this study to 
identify loci associated with resistance to SSR in perennial Glycine species. 
 A variety of methods have been described to evaluate soybean accessions for SSR 
resistance in greenhouse and field studies. In one greenhouse assay, upper portions of 
stems of soybean seedlings were removed and S. sclerotiorum inoculum was placed on 
the top of the cut stems [9]. Sensitivity to SSR was then scored as the length of the 
lesions produced over time.  Another greenhouse method used S. sclerotiorum-infected 
oat seed placed in a soil into which soybean seed were planted, and SSR resistance was 
rated as the number of plants that survived 5-10 days after inoculation [18].  
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Oxalic acid (OA) acts as a virulence determinant for several plant-pathogenic 
fungi [19], including S. sclerotiorum [20-23]. The acid lowers the pH in surrounding 
tissues, which discourages growth of other fungi and plant pathogens [23] and chelates 
metals (e.g., calcium, copper, and magnesium) that are needed for plant growth [19]. 
Oxalic acid also facilitates the activities of cell wall degrading enzymes expressed by the 
fungi [24]. Wegulo et al. [25] observed that the amounts of soluble pink pigments 
observed in soybean stems exposed to OA were generally inversely related to incidence 
of SSR in the field. The authors concluded that measurements of lesion lengths or amount 
of pink pigments produced in response to OA were the most repeatable methods for 
differentiating soybean cultivars for sensitivity to SSR [25]. Similarly, Noyes and 
Hancock [26] developed a screening technique for sunflower using OA, and showed that 
sunflower cultivars that were more resistant to Sclerotinia wilt in the field were more 
tolerant to OA in culture. Hence, OA sensitivity can be a good indicator of how soybean 
and sunflower plants will react to S. sclerotiorum in the field.   
 With emphasis on disease resistance, wild relatives of crop species have 
contributed genes for cultivar improvement for over 20 years [27]. High levels of 
resistance to S. sclerotiorum have been identified in wild relatives of cultivated crops, 
including soybean [28]. Genes for resistance to S. sclerotiorum have been successfully 
moved from wild relatives into common bean (Phaseolus vulgaris L.) [29] and canola 
(Brassica napus L.) [30]. However, in soybean and multiple other crop species, genetic 
barriers to hybridization have prevented the transfer of agronomically valuable genes 
from wild to cultivated species [27]. Consequently, even though, accessions of wild 
perennial Glycine species have been shown to possess high levels of resistance to SSR 
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[28], there have been no reports of introgression of SSR resistance from wild annual (i.e., 
G. soja Siebold & Zucc.) or perennial Glycine species into soybean. Next generation 
sequencing and genotyping platforms provide tools to identify disease resistance genes 
within the wild relatives of crop plants so that they can be transferred to cultivated 
species without the undesirable phenotypes that often accompany wide crosses.  In this 
chapter, I describe the mapping of loci conditioning resistance to OA in Glycine latifolia, 
a wild perennial relative of soybean.  
 
Materials and Methods 
 
SNP markers 
Production and genotyping of F2 and F5 mapping populations with SNP markers were 
described previously (Chapter 3). In total, 2,254 and 3,110 SNP markers were utilized in 
the F2 and F5 populations, respectively  
 
Phenotypic assays 
Multiple phenotypic assays were evaluated to differentiate responses of G. latifolia 
accessions to inoculation with S. sclerotiorum and incubation in dilute OA (Appendix B). 
The OA assay provided a robust and reproducible method to differentiate the S. 
sclerotiorum resistant and susceptible G. latifolia accessions and was less sensitive to 
environmental conditions than inoculations with S. sclerotiorum. Populations of 189 F2 
and 89 F5 plants were evaluated with the assay as follows. Five stem-cuttings of about 10 
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cm from each plant and two resistant11 (PI 559298) and two susceptible2 (PI 559300) 
parental lines were incubated in 4 ml of 5 mM OA in round-bottom 15 ml polypropylene 
tubes in a growth chamber (Percival, Boone, IA) at 22°C with a 12 hour photoperiod. For 
the F2 and F5 populations, plants in post-flowering stages and pre-flowering stages were 
sampled, respectively. The total length of the cut stem and the length of the OA-induced 
lesion were measured at 72 and 120 hours post inoculation (hpi) for each sample. The 
severity of the damage caused by OA was expressed as a ratio of the lesion length 
divided by the stem length. The assays were conducted a total of five times for each 
population. Welch’s t-tests for population means comparisons and Pearson correlation 
coefficients were calculated as implemented in R [31].  
 
QTL discovery  
QTL analysis was performed using Qgene version 4.3.10 [32]. Phenotypic and genotypic 
data from the F2 and F5 populations were analyzed separately. Single-marker regression 
and single trait composite-interval mapping (CIM) were performed using the average 
lesion-to-stem-length ratio for each plant from the first four replications. Thresholds for 
QTL discovery were determined by 1000 permutation calculations [32].   
 
Annotation of candidate genes 
Two sources of genomic information were utilized to annotate candidate genes. First, 
sequences for G. latifolia chromosomal regions that contained the QTL were assembled 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Two plants were derived from a single plant of PI559298 and treated as two individual 
resistant parents  
2 Two plants were derived from a single plant of PI559300 and treated as two individual 
susceptible parents 
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from seven scaffolds selected by the following method: sequences of three SNP markers 
that bracketed each QTL were extracted and aligned with blast [33] to all G. latifolia 
scaffolds. The three G. latifolia scaffolds that contained the SNPs and additional 
scaffolds between those containing the SNP markers were identified as described in 
Chapter 5 and assembled with MUMmer [34]. Sequences for regions of the G. latifolia 
genome containing the QTL were constructed from all of the scaffolds identified in 
previous steps. 
Genes within the assembled chromosome segments were annotated with MAKER 
2.2.9 [35] using transcriptome and proteomics data from the G. max genome version 189 
[36]. A second method was utilized because of significant gaps in the G. latifolia 
chromosome segments. The regions corresponding to the gaps were extracted from the G. 
max genome sequence [36] and the region was annotated with MAKER as above.  The 
assembled sequences also were annotated using the G. max version 275 transcriptome 
and proteomics data [37]. 
 
Results 
 
Sensitivity of G. latifolia lines to OA 
Glycine latifolia accessions that were previously rated as resistant or susceptible to SSR 
[28] differed significantly (P=0.000008) in their sensitivity to incubation in dilute OA as 
determined using Welch’s two sample t-tests  (Fig. 4.1). Average lesion-to-stem-length 
ratio of the resistant parent was 0.07 and of the susceptible parent was 0.28. Sensitivity to 
OA showed a normal distribution in the F2 (P < 0.05) and the F5 (P < 0.05) populations 
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(Fig. 4.2). In the F5 population, Pearson pair-wise coefficients of correlation ranged from 
0.800 to 0.964 for the readings at 72 and 120 hpi, and between 0.211and 0.421 for the 
replications. Because the first four replications had the highest coefficient of correlation, 
means of both readings for the first four replication were used to QTL discovery.      
 
QTL discovery  
Single-marker regression analysis detected three QTL located on G. latifolia linkage 
groups (LGs) 14, 16, and 19 using LOD value significance thresholds of 4.1 for single 
marker regression and 3.9 for single-trait CIM. LOD values for each QTL were 5.7 
(LG14), 5.3 (LG16), and 5.5 (LG19) and individually explained 26%, 24%, and 25% of 
the phenotypic variation for OA sensitivity in the F5 population, respectively (Fig. 4.3). 
The locations of the QTL on LG14 and LG19 were confirmed by single-trait CIM 
analysis (Fig. 4.3). The QTL on LG14 was located between 35.0 cM and 36.2 cM. The 
QTL on LG19 was located between 34.7 cM and 37.3 cM. Analysis of the F2 population 
discovered QTL on LGs 2, 14, and 18 but they were not well supported by different QTL 
detection methods (Fig. 4.4).  The F2 QTL on LG 14 was located at a different position 
from that of the F5 QTL on LG 14.  
 
Comparison of chromosomal locations of QTL for OA sensitivity in G. latifolia and 
resistance to SSR in G. max  
QTL for resistance to SSR have been identified on 17 soybean chromosomes [6-12,38]. 
Two QTL were reported on soybean chromosome 14 and were flanked by microsatellite 
markers Sat_342 (position: Gm14:2,954,747) and BARC-020449-04623 (position: 
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Gm14:6,968,190) [11] and Satt474 (position: Gm14:33,076,539) and Satt272 (position: 
Gm14:42,622,843) [39] (Fig. 4.5). The markers explained up to 11.2% of the phenotypic 
variation for sensitivity to S. sclerotiorum [11]. The interval in G. latifolia corresponded 
to positions Gm14:21,919,395 – Gm14:22,320,663, and therefore was located at a 
different position than the QTL on soybean chromosome 14. One QTL for resistance to 
SSR has been identified on soybean chromosome 7 [8]. The QTL explained 9.2% of the 
phenotypic variation and was flanked by markers BARC-020517-04647 (position: 
Gm07:15,694,131) and Sct_147 (position: Gm07:16,804,048). The interval in G. latifolia 
corresponded to positions Gm07:15,384,262 – Gm07:16,156,635 (Fig. 4.6), and hence 
over laps with the QTL identified by Kim and Diers [8].  
 
Candidate gene analysis 
The genetic intervals containing the QTL on LGs 14 and 19 corresponded to 0.5 Mb and 
0.8 Mb, respectively.  The interval on LG14 was represented by four G. latifolia scaffolds 
(#1274 [268 Kb], #2040 [390 Kb], #2841 [128 Kb], and #5206 [28 Kb]) and was 
predicted to contain 10 genes (Table 4.1). The interval on LG 14 did not contain genes 
with similarity to genes involved in disease resistance or defense responses (Table 4.1). 
Even though this interval contained 11 SNP markers that could be located in both the G. 
latifolia and G. max genomes, there were gaps in the G. latifolia sequence between SNP 
markers the interval that were annotated using G. max sequence information. The interval 
on LG19 was represented by two G. latifolia scaffolds (#214 [524 Kb] and #1124 [271 
Kb]) that gave essentially complete coverage of the interval (Fig. 4.6). The sequences of 
the G. latifolia scaffolds were predicted to contain 68 genes, including genes putatively 
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encoding an ankyrin repeat family protein (Glyma.07G133400), two auxin responsive 
factors  (ARF) proteins (Glyma.07G130400 and Glyma.07G134800), a leucine-rich 
repeat protein kinase (Glyma.07G130700), a pathogenesis-related thaumatin protein 
(Glyma.07G135100), and a WRKY transcription factor (Glyma.07G133700), all classes 
of genes that have been associated with disease resistance in plants [40-44] (Table 4.2).   
 
Discussion 
In this chapter, I identified QTL for insensitivity to OA, a primary pathogenicity 
determinant for S. sclerotiorum. Sclerotinia stem rot is a significant problem for soybean 
production because of the lack of effective host resistance and the low efficacy of 
fungicides to control the disease. Previously identified soybean QTL studies of SSR 
resistance indicated that resistance to the disease is mechanistically complex and difficult 
to quantify. This study showed that insensitivity to OA involved multiple QTL with 
major effects compared to previous studies. Two of the QTL explained nearly 60% of the 
phenotypic variation for OA insensitivity in the F5 population. Possibly because of the 
high level of heterozygosity in the F2 population and the older F2 plants used in the OA-
sensitivity assays, analysis of the F2 population failed to detect significant QTL in the 
same locations as the F5 population. Enhanced resistance to S. sclerotiorum was 
introgressed into common bean from the wild species P. coccineus L. [29]. However, 
direct comparisons of the numbers and modes of action of loci between G. latifolia and P. 
coccineus are not possible because no QTL for resistance to S. sclerotiorum have been 
reported for P. coccineus or any other wild Phaseolus species.   
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The model plant Arabidopsis thaliana (L.) Heynh. has been used to study 
resistance to S. sclerotiorum because of its abundant genetic and genomic resources and 
the sensitivity of some Arabidopsis mutants to infection by S. sclerotiorum [45]. This 
approach has identified genes, like a jasmonic acid receptor (COI1) [46,47], NADPH 
oxidase [48], a receptor-like kinase [49], and a WRKY transcription factor [40] that are 
involved in resistance responses to S. sclerotiorum. In addition to Arabidopsis, a 
homologue of the COI1 gene has been shown to be important for resistance to Sclerotinia 
stalk rot in sunflower [50]. Similarly, WRKY transcription factors also have been shown 
to be important for resistance to S. sclerotiorum in canola [51]. In this study, the QTL-
containing interval on G. latifolia LG19 was predicted to contain genes encoding ARF 
proteins, a LRR-protein kinase, and a WRKY transcription factor (Table 4.2). Additional 
analyses will be required to determine whether any of the G. latifolia genes enhance 
resistance to OA or SSR.  
Loci for resistance to SSR in soybean germplasm are spread across 17 of the 
soybean chromosomes, often with large genetic intervals because of the low variability in 
resistant phenotypes and low densities of molecular markers used. Recently, Bastien et al. 
[52] identified four loci for SSR resistance in soybean by genome-wide association 
(GWAS) using high-density genotyping-by-sequencing SNP markers. The most 
significant locus was contained within a narrow interval (312 Kb) on soybean 
chromosome 15 that explained 14.5% of the variation in resistance to SSR. None of the 
QTL identified in G. latifolia, corresponded to the loci identified by Bastien et al. [52]. 
However, the QTL for insensitivity to OA on G. latifolia LG 19 mapped to a location 
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similar to a QTL for resistance to SSR in soybean. This suggests that the soybean QTL 
may enhance resistance to SSR by reducing sensitivity to OA.  
 Previous studies indicated that OA sensitivity screening methods agreed well with 
other greenhouse and field-based methods for evaluation of soybean and sunflower for 
susceptibility to S. sclerotiorum [25,26,53]. However, the phenotypic variations among 
different soybean accessions were low [25]. This study showed that the G. latifolia 
parental lines that were resistant and susceptible to S. sclerotiorum also differed 
significantly in their sensitivity to OA, which allowed the discovery of major QTL for 
sensitivity to OA in an advanced mapping population. Of the different methods evaluated 
for screening a plant for sensitivity to S. sclerotiorum, incubation in dilute OA provided a 
reproducible indication of the disease resistance whereas other methods were less 
reproducible and more dependent on environmental conditions. G. latifolia has been 
reported to possess resistance to other diseases, but the species was very challenging to 
use because of a lack of molecular tools to study it. With advancements in next-
generation sequencing technologies and bioinformatics, it has become possible to 
characterize resistance to S. sclerotiorum in wild species so that it can be used to enhance 
resistance to the pathogen in cultivated crops including soybean. 
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Tables 
 
Table 4.1. Annotated genes within genetic interval containing the locus fore sensitivity of 
oxalic acid on Glycine latifolia linkage group 14 
 
G. latifolia 
scaffold 
(length) G. max gene ID* Annotation 
5206 (28 Kb) Glyma.14G129600 Enhancer of polycomb-like 
5206 (28 Kb) Glyma.14G129700 Enhancer of polycomb-like 
 Glyma.14G129900 ARF GTPase activator activity 
 Glyma.14G130100 Plant organelle RNA recognition domain 
 Glyma.14G130200 N/A 
2841 (128 Kb) Glyma.14G130300 Glycosyl hydrolases family 17 
 Glyma.11G165800 N/A 
 Glyma.14G130500 Transcription factor Pcc1 
 Glyma.14G130600 N/A 
 Glyma.14G130700 Ring finger and zinc finger domain 
* G. max version 275 references 
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Table 4.2. Annotated genes within genetic interval containing the locus for sensitivity of 
oxalic acid on Glycine latifolia linkage group 19 
 
G. latifolia 
scaffold 
(length) G. max gene ID* Annotation 
1124 (271 Kb) Glyma.07G129100 Tetraspanin2         
1124 (271 Kb) Glyma.07G129200 S-adenosyl-L-methionine-dependent methyltransferases 
superfamily protein      
1124 (271 Kb) Glyma.07G129300 Cytidine deaminase 1       
1124 (271 Kb) Glyma.07G129400 N/A 
1124 (271 Kb) Glyma.07G129500 PRA1 (Prenylated rab acceptor) family protein    
1124 (271 Kb) Glyma.07G129600 Atypical CYS HIS rich thioredoxin 2   
1124 (271 Kb) Glyma.07G129700 Alkaline-phosphatase-like family protein       
1124 (271 Kb) Glyma.07G129800 Plastid transcriptionally active 9      
1124 (271 Kb) Glyma.07G129900 Phospholipase A2 family protein      
1124 (271 Kb) Glyma.07G130000 Heavy metal transport/detoxification superfamily 
protein     
1124 (271 Kb) Glyma.07G130100 High-affinity K+ transporter 1      
1124 (271 Kb) Glyma.07G130200 N/A 
1124 (271 Kb) Glyma.07G130300 Methyl-CPG-binding domain protein 2      
1124 (271 Kb) Glyma.07G130400 Transcriptional factor B3 family protein / auxin-
responsive factor AUX/IAA-related 
1124 (271 Kb) Glyma.07G130500 Protein kinase protein with adenine nucleotide alpha 
hydrolases-like domain 
1124 (271 Kb) Glyma.07G130600 3-phosphoinositide-dependent protein kinase-1, putative      
1124 (271 Kb) Glyma.07G130700 Leucine-rich repeat protein kinase family protein    
1124 (271 Kb) Glyma.07G130800 Ferric reductase-like transmembrane component family 
protein    
1124 (271 Kb) Glyma.07G130900 G10 family protein       
1124 (271 Kb) Glyma.07G131000 WUSCHEL related homeobox 1      
1124 (271 Kb) Glyma.07G131100 DIE2/ALG10 family        
1124 (271 Kb) Glyma.07G131200 DNA-directed RNA polymerase, subunit M, archaeal    
1124 (271 Kb) Glyma.07G131400 Pectinacetylesterase family protein       
1124 (271 Kb) Glyma.07G131500 N/A 
1124 (271 Kb) Glyma.07G131600 hAT transposon superfamily protein      
1124 (271 Kb) Glyma.07G131700 Pentatricopeptide repeat (PPR-like) superfamily protein     
1124 (271 Kb) Glyma.07G131800 Protein phosphatase 2C family protein     
1124 (271 Kb) Glyma.07G131900 N/A 
1124 (271 Kb) Glyma.07G132000 Metallothionein 2A  
1124 (271 Kb) Glyma.07G132100 ATP binding microtubule motor family protein    
214 (524 Kb) Glyma.07G132200 Myb domain protein 3r-3  
214 (524 Kb) Glyma.07G132300 Proteolysis 6  
214 (524 Kb) Glyma.07G132400 Myb-like HTH transcriptional regulator family protein 
214 (524 Kb) Glyma.07G132500 Protein kinase superfamily protein      
214 (524 Kb) Glyma.07G132600 ALPHA 1.9,EXP3 Barwin-like endoglucanases 
superfamily protein    
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Table 4.2 (Cont.) 
 
214 (524 Kb) Glyma.07G132700 N/A  
214 (524 Kb) Glyma.07G132800 RHOMBOID-like 1        
214 (524 Kb) Glyma.07G132900 Oxysterol-binding family protein       
214 (524 Kb) Glyma.07G133000 TRF-like 2        
214 (524 Kb) Glyma.07G133100 GRAS family transcription factor      
214 (524 Kb) Glyma.07G133200 NAD(P)-binding Rossmann-fold superfamily protein      
214 (524 Kb) Glyma.07G133300 hAT dimerization domain-containing protein      
214 (524 Kb) Glyma.07G133400 Ankyrin repeat family protein      
214 (524 Kb) Glyma.07G133500 Haloacid dehalogenase-like hydrolase (HAD) 
superfamily protein    
214 (524 Kb) Glyma.07G133600 N/A 
214 (524 Kb) Glyma.07G133700 WRKY DNA-binding protein 49      
214 (524 Kb) Glyma.07G133800 N/A 
214 (524 Kb) Glyma.07G133900 Laccase 17  
214 (524 Kb) Glyma.07G134000 Far-red elongated hypocotyl 1  
214 (524 Kb) Glyma.07G134100 Laccase 17  
214 (524 Kb) Glyma.07G134200 Protein of unknown function (PD694200)     
214 (524 Kb) Glyma.07G134300 Eukaryotic aspartyl protease family protein     
214 (524 Kb) Glyma.07G134400 Pre-mRNA splicing Prp18-interacting factor      
214 (524 Kb) Glyma.07G134500 N/A 
214 (524 Kb) Glyma.07G134600 RING-H2 finger C2A       
214 (524 Kb) Glyma.07G134700 PIF1 helicase        
214 (524 Kb) Glyma.07G134800 Auxin response factor 9  
214 (524 Kb) Glyma.07G135000 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein   
214 (524 Kb) Glyma.07G135100 Pathogenesis-related thaumatin superfamily protein      
214 (524 Kb) Glyma.07G135200 N/A 
214 (524 Kb) Glyma.07G135300 One helix protein  
214 (524 Kb) Glyma.07G135400 Receptor lectin kinase  
214 (524 Kb) Glyma.07G135500 N/A 
214 (524 Kb) Glyma.07G135600 Concanavalin A-like lectin protein kinase family protein   
214 (524 Kb) Glyma.07G135700 Protein of unknown function (DUF668)     
214 (524 Kb) Glyma.07G135800 C2H2 and C2HC zinc fingers superfamily protein   
214 (524 Kb) Glyma.07G135900 Zinc-finger protein 10  
214 (524 Kb) Glyma.07G136000 NAD(P)-binding Rossmann-fold superfamily protein      
* G. max version 275 references  
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Figures 
 
 
Figure 4.1. Ratio of oxalic acid-induced lesion length to total stem length of resistant (PI 
559298) and susceptible (PI 559300) Glycine latifolia accessions.  The lengths of cut 
stems and OA-induced lesions were measured at 72 and 120 hours post inoculation. The 
average ratios of the resistant (0.07) and susceptible (0.28) parents were significantly 
different (P < 0.0001) with Welch’s two-sample t-test.     
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Figure 4.2. The phenotypic variation among A) F2 and B) F5 population for the ratio of 
oxalic acid-induced lesion length to total stem length for each sample. This graph showed 
a bell-shape curve for the normal distribution.    
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Figure 4.3. Identification of quantitative trait loci (QTL) using A) single-markers 
analysis B) single-trait composite-interval mapping in the F5 population. Likely hood of 
the odds (LOD) score and phenotypic variances (R2) are shown in separate graphs. Based 
on permutation analyses, QTL with LOD scores greater than 4.1 were considered positive. 
  
i) LOD 
A) F5 single markers analysis 
B) F5 single-trait composite interval mapping (CIM) analysis 
ii) R2 
i) LOD ii) R2 
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Figure 4.4. Identification of quantitative trait loci using A) single-markers analysis B) 
single-trait composite-interval mapping in the F2 population. Likely hood of the odds 
(LOD) score and phenotypic variances (R2) are shown in separate graphs. Based on 
permutation analyses, QTL with LOD scores greater than 4.0 were considered positive. 
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Figure 4.5. Comparison of the locations of quantitative trait loci (QTL) for insensitivity 
to oxalic acid in Glycine latifolia and resistance to Sclerotinia stem rot (SSR) in soybean 
on G. latifolia linkage groups (LGs) 14 and 19 and soybean chromosomes 14 and 7, 
respectively. The orange rectangles indicate positions of QTL for SSR resistance in 
soybean, and blue rectangles the positions of QTL for insensitivity to oxalic acid in G. 
latifolia.    
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Gene annotation of the interval on Glycine latifolia putative chromosome 19 
(LG19) that contained a quantitative trait locus (QTL) for insensitivity to oxalic acid and 
annotation of the corresponding region of chromosome 7 from soybean.  The sequences 
were annotated with the MAKER program. The G. latifolia QTL region corresponded to 
nucleotide positions from 15,384,262 to 16,156,635 on soybean chromosome 7 and 
represented 0.8 Mbps. Green triangles indicate the position and directionality of predicted 
genes. Also, black triangle indicates the NB-ARC-LRR motif gene, purple triangle 
indicates the ankyrin repeat motif gene, blue triangle indicates the WRKY transcription 
factor gene, and yellow triangle indicates the auxin responsive factor gene.  
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CHAPTER 5 
ASSEMBLY OF A DRAFT GENOME SEQUENCE FOR GLYCINE LATIFOLIA 
 
Abstract 
 
 The genus Glycine consist of two subgenera, Glycine and Soja. The subgenus 
Soja includes G. max (soybean) and G. soja, and defines the soybean primary gene pool. 
The subgenus Glycine includes 26 wild perennial species that represent the soybean 
tertiary gene pool. Species in the subgenus Glycine, which includes G. latifolia, show 
resistance to abiotic and biotic stresses for which genetic diversity is lacking within the 
soybean primary gene pool. To assist in the identification of genes underlying 
agronomically important traits in perennial relatives of soybean, a draft genome sequence 
was assembled for G. latifolia. Short-insert paired-end libraries (180 and 500 bp) and 
large-insert mate-pair libraries (3 - 16 Kb) were prepared from G. latifolia DNA and 
sequenced on an Illumina HiSeq2000, which produced 60 fold and 96 fold coverage of 
the G. latifolia genome, respectively. The libraries were assembled with ALLPaths-LG 
and yielded 85% coverage of the estimated 1.05 Gb G. latifolia genome. Whole-genome 
annotation indicated that G. latifolia shared 33,000 to 41,000 genes with soybean. The G. 
latifolia genome was predicted to contain 750 resistance gene homologues (RGHs) 93% 
of which were shared with soybean. Of the remaining RGHs 3% were shared with 
Phaseolus vulgaris and 2% were shared with Medicago truncatula. A nearly complete 
pseudomolecule chromosome sequence was assembled for G. latifolia chromosome 6 
using soybean chromosome as a guide. The information generated will assist in discovery 
of genetic diversity for traits that are lacking in soybean germplasm. 
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Introduction 
Wild perennial relatives of soybean (Glycine max (L.) Merr.) in the genus Glycine Willd.	  have the potential to enhance soybean production since they possess genes for 
resistance to cyst nematode [1,2], Soybean mosaic virus [3], soybean rust [4-6], and 
abiotic stress tolerance such as drought [7] and salinity [8]. Also in other parts of the 
world, these species are harvested and utilized as herbal medicines. For example, G. 
tomentella Hayata is found in Taiwan with diploid chromosome numbers of 2n=38, 40, 
78, and 80 [9] where it is known as “I-Tiao-Gung” and used as a herbal tea, herbal 
medicine, and an anti-inflammatory ointment [10-14].  
 Worldwide soybean production has increased nine-fold during the last 50 years 
because of increases in human and livestock consumption of soy-based products [15]. 
Current levels of soybean production can satisfy demands, but may not be able to keep 
pace with climate change and drought stress [16]. Also, soybean pathogens like soybean 
rust (Phakopsora pachyrhizi Syd. & P. Syd) have spread from one continent to another 
[17]. There are limited solutions for these problems because of the relatively low genetic 
diversity in soybean germplasm and even germplasm of soybean’s wild annual relative G. 
soja Siebold & Zucc. [18-20].  
The costs of generating large amounts of sequence data have declined 
significantly in recent years [21]. Consequently, it is possible to produce a significant 
depth of coverage for even large complex genomes like those in the genus Glycine for 
relatively low cost, which can be used to partially assemble a genome sequence de novo.  
Furthermore, extensive synteny has been observed between legume genomes [22-25]. 
Recently, draft genome sequences have been generated using next generation sequencing 
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(NGS) for chickpea (Cicer arietinum L.) [26], common bean (Phaseolus vulgaris L.) [27], 
and pigeon pea (Cajanus cajan L.) [23]. Analysis of the draft genome sequences of two 
G. soja accessions revealed less than 3% sequence divergence between G. soja and G. 
max [20]. Unlike the genome sequences of G. max [28,29] and Medicago truncatula 
Gaertn. [30], not all of the draft genome sequences were assembled to the chromosome 
level, but were released as sets of unconnected scaffolds. Because species within the 
genus Glycine share a common whole genome duplication event [29], the G. max genome 
sequence provides a framework on which to assemble genomes of Glycine perennials. 
The availability of reference genome sequences for perennial Glycine species will aid in 
the identification of agronomically useful genes by facilitating the production of 
sequence-based molecular markers.  
Most cloned plant disease resistance genes contain NB-ARC (nucleotide-binding 
adaptor shared by APAF-1, R proteins) and LRR (leucine-rich-repeat) motifs [31]. The G. 
max genome was shown to contain 300 NB-ARC-LRR-like genes [32], while the M. 
truncatula genome was reported to contain 400 NB-ARC-LRR-like genes [33]. Tomato 
leaf mold (Cladosporium fulvum Hooke) resistance genes have been introgressed into 
cultivated tomato	  (Lycopersicon esculentum Miller) from wild tomato species (L. 
hirsutum Humb. & Bonpl and L. pimpinellifolium L.) [34]. Recently, an NB-ARC-LLR 
gene for resistance to late blight (Phytophthora infestans (Mont.) de Bary) from a wild 
potato species (Solanum venturii Hawkes & Hjert.) was introduced into cultivated potato 
(S. tuberosum L.) by DNA-mediated transformation to produce a genetically modified 
potato that was resistant to late bight [35]. Knowledge of the genome sequences of other 
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species within the genus Glycine could similarly facilitate discovery of novel disease 
resistance genes to soybean pathogens and pests. 
In this study, a draft genome sequence was determined for G. latifolia, which 
revealed that gene coding sequences were highly conserved between G. max and G. 
latifolia, but intergenic regions, and mobile genetic elements differed significantly. Most 
of the predicted NB-ARC-LRR-like genes in the G. latifolia genome were shared with 
soybean, but some were more closely related to resistance gene homologues in M. 
truncatula and P. vulgaris. Assembled G. latifolia pseudomolecule chromosome 
sequences had high degrees of microsynteny with G. max with some local 
rearrangements. The draft G. latifolia genome sequence will facilitate discovery of alleles 
and genes not present in soybean germplasm.  
 
Materials and Methods 
 
Plant material and library preparation 
A total of 5 g of leaflets were collected from the Sclerotinia stem rot-resistant G. 
latifolia plant introduction (PI) 559298, frozen in liquid nitrogen and ground with a pestle 
and mortar. DNA was extracted with a cetyltrimethylammonium bromide (CTAB) 
procedure [36] and run in a 0.5% SeaKem Gold agarose gel (FMC BioProducts, 
Rockland, ME) to check the quality of the DNA. Paired-end (180 bp and 500 bp) and 
mate-pair (3,000 bp and 8,000 bp) libraries were constructed from the DNA and 
sequenced at the W. M. Keck Center at the University of Illinois using an Illumina HiSeq 
2000 sequencer (Illumina, Grand Island, NY) [37]. For construction of long-jump (>15 
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kb) libraries to improve assembly with the ALLPATHS-LG program [38], DNA was 
extracted from PI 559298 with a PhytoPure DNA extraction kit (GE Healthcare, 
Piscataway, NJ ) and run in 0.5% SeaKem Gold agarose gel to check its quality (Fig. 5.1). 
The concentration of DNA was measured with the Qubit 2.0 fluorometer applying the 
Qubit dsDNA DS Assay (Life Technologies, Grand Island, NY). Four Nextera (Illumina, 
CA) mate-pair libraries (between 14 kb and 19 kb) were constructed from a total of 50 µg 
of G. latifolia DNA at the Keck Center, and sequenced with an Illumina HiSeq 2000.  
  
De novo genome assembly 
Raw sequence data were assembled with ALLPATHS-LG version R45395 [39] 
following the procedures outlined in the program’s manual. It was not necessary to 
remove low quality sequences before running ALLPATHS-LG because the program 
removed sequences with low quality scores during the first phase of the assembly [39]. 
The assembly was rerun with different parameter sets using binary sequence files from 
the previous runs. To test the quality and completeness of each assembly, G. latifolia 
contigs were aligned with G. max chromosomes [29,40] using the BWA-SW alignment 
program [41] and G. max as the reference and G. latifolia contigs as queries. Sequence 
alignment map (SAM) output files were converted to compressed BAM files with 
SAMtools [42]. Sorted BAM files were visualized with the Golden Helix genome 
browser [43]. Assembled scaffolds were joined with SOAPdenovo GapCloser [44].   
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Whole-genome annotation 
First, de novo assembled G. latifolia scaffolds (16,423 in total) were annotated 
using blastx [45] to align predicted amino acid sequences of high-confidence G. max 
gene models to the scaffolds with E-value thresholds of 1×10-20 and 1×10-50. Second, the 
scaffolds were divided into 28 groups. Genes in each group of scaffolds were annotated 
with the program MAKER version.2.2.7 [46], using G. max transcriptome and amino 
acid sequences [29,40] as training data sets. As a control, the G. max genome sequence 
[40] was annotated with MAKER and the same training data set. A final genome flat file 
(GFF) was extracted to assess general features of genes like exon and intron mean lengths.  
 
Pseudo-molecule chromosome assembly 
Two approaches were compared to assembled G. latifolia pseudo-molecule 
chromosome sequences utilizing the G. max genome [40] as a guide. First, a pseudo-
molecule chromosome was assembled for G. latifolia chromosome 11 using MUMmer 
[47] by aligning scaffolds to the sequence of G. max chromosome 11. Then scaffolds that 
aligned best to chromosome 11 were utilized to build a pseudo-molecule chromosome 
with the show-tilling command from MUMmer.  Second, 6.0×108 100-nt reads from the 
180-bp paired-end library were aligned to the G. max genome sequence and G. latifolia 
scaffolds. Information on where the short-read sequences aligned on G. max 
chromosomes and G. latifolia scaffolds was extracted with custom Perl scripts. For 
chromosome 6, for example, the G. latifolia scaffolds from which short read sequences 
aligned best to G. max chromosome 6 were manually selected, ordered, oriented, and 
combined into a single sequence. To assess the quality of assemblies, the G. latifolia 
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sequences were compared to the corresponding G. max chromosomes with the Sastuma 
synteny search program [48] and visualized with Mizbee [49].  
 
Identification of NB-ARC-LRR-like genes 
Sequences of assembled and gap-closed scaffolds of G. latifolia and G. max 
chromosomes [40] were translated into amino acid sequences with fastatranslate from the 
exonerate package (www.ebi.ac.uk/~guy/exonerate). The G. latifolia and G. max amino 
acid sequences were compared to a pre-built NB-ARC hidden Markov model (HMM) 
from the Pfam database (version 27.0) [50] using HMMsearch [51]. Sequences that 
matched the HMM were extracted from the results with the easel program from the 
HMM package [50]. Phylogenetic trees of the G. latifolia and G. max predicted NB-
ARC-LRR amino acid sequences were constructed using the Blossum 62 matrix with 
Geneious [52]. Amino acid sequences that did not match the HMM were compared to the 
NCBI non-redundant (nr) protein database with BLASTX [53] to identify resistance-like 
genes that were not detected in the HMM searches. 
 
Results 
 
De novo assembly 
Illumina sequencing produced 6.0×108 100-nt reads from the 180-bp paired-end 
library, 3.0×108 reads from the 500-bp paired-end library, and 1.5×108 reads from each of 
the 3,000-bp and 8,000-bp mate-pair libraries. In addition, 3.0×108 reads were generated 
from the four Nextera mate-pair libraries. In total, the sequence data were equivalent to 
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96-fold coverage of the G. latifolia genome by the short paired-end (180 and 500 bp) 
libraries and 64-fold coverage of the G. latifolia genome from large-insert (3, 8, 14, 16, 
17, and 18 Kb) libraries (Table 5.1). The GC content of the G. latifolia genome, 33.12 %, 
was similar to that of G. max, 34.76% [40]. 
Based on Kmer diversity and abundance, ALLPATHS-LG estimated the genome 
size of G. latifolia to be 1.11 Gb, which was very similar to the 1.01 Gb genome size 
estimated for G. latifolia by flow cytometry [54]. The ALLPATHS-LG assembly 
produced 88,000 contigs with an N50 of 19 Kb that represented about 68% coverage of 
the G. latifolia genome (Table 5.2). Approximately 32% of the genome was represented 
by gap regions. The post assembly program SOAPdenovo Gap Closer [44] joined 
neighboring contigs and increased the N50 contigs size to 38 Kb and total scaffold 
coverage area from 0.71 GB to 0.84 Gb (Table 5.2). The largest 3000 and 4000 scaffolds 
(with gaps) represented whole-genome spaces of 0.86 Gb (76% of the G. latifolia 
genome) and 0.95 Gb (84 % of the G. latifolia genome), respectively. As in a previous G. 
latifolia single-nucleotide polymorphism (SNP) identification study [55], the majority of 
G. latifolia contigs aligned to gene-rich euchromatic regions of G. max chromosomes 
(Fig. 5.2). Hence, this pipeline produced a high quality assembly of the G. latifolia 
genome. 
 
Pseudo-molecule chromosome assembly 
As described in Chapter 3, analysis of the segregation of single nucleotide 
polymorphism markers in F2 and F5 populations showed that G. latifolia linkage group 11 
(LG 11) was highly collinear with G. max chromosome 11. To assess the quality and 
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completeness of de novo genome assembly, G. latifolia scaffolds were aligned with the 
sequence of G. max chromosome 11 using MUMmer, which showed nearly complete 
coverage of the selected chromosome (Fig. 5.3). An alternative approach was used to 
assemble a complete pseudo-molecule sequence for G. latifolia chromosome 6. The G. 
latifolia chromosome 6 showed large blocks of synteny with just one G. max 
chromosome (Fig. 5.4). The top and bottom of the G. latifolia chromosome showed high 
sequence identity and were highly collinear with G. max chromosome 6 (Fig. 5.4). The 
middle section the G. latifolia chromosome showed low levels of sequence identity with 
G. max chromosome 6. This region is expected to contain the gene-poor centromere and 
pericentromere with many repeating elements (Fig. 5.4).  
 
Annotation of G. latifolia coding sequences 
The G. latifolia scaffolds were annotated by two different methods. First, 
alignment of the predicted amino acid sequences from the 46,430 G. max primary 
protein-coding loci [40] to the G. latifolia scaffolds using blastx searches with E-value 
thresholds of 1×10-20 and 1×10-50 identified 41,435 and 35,456 genes, respectively. By 
this annotation method, the draft G. latifolia genome sequence had up to 89% (blastx 
with E-value thresholds of 1×10-20) of genes of soybean. Second, de novo annotation of 
the G. latifolia scaffolds with the MAKER program identified 32,656 genes. For 
comparison, de novo annotation of the G. max genome with MAKER identified 35,453 
genes (Fig. 5.5). Hence, the number of genes predicted in the G. latifolia scaffolds was 92% 
of the number predicted in the G. max genome and indicates that the assembled G. 
latifolia genome represents very high coverage of protein coding loci in the perennial 
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genome. Examination of the coding regions of homeologous gene between G. latifolia 
and G. max showed that most insertion and deletion occurred within introns where they 
would not interfere with gene function (Fig. 5.6). The mean exon length in G. latifolia 
was 209 bp and the intron mean length was 490 bp (Table 5.3), which was very close to 
the values for piegeonpea [23] and chickpea [26]. The MAKER program found a higher 
percentage of genes shared by two species, but may have underestimated the number of 
genes in the G. latifolia genome because of unassembled gaps in the scaffolds, which 
represent about 23% of the draft genome.  
 
NB-ARC-LRR-like genes in the G. latifolia genome 
Using HMMsersearch, the draft G. latifolia and G. max genome sequences were 
predicted to contain 750 and 705 NB-ARC-LRR-like sequences, respectively. Blast 
searches of the G. max predicted amino acid sequences against the NCBI nr protein 
database identified an additional 56 NB-ARC-LRR-like sequences in the soybean 
genome.  Of the predicted NB-ARC-LRR genes, 700 were shared between G. latifolia 
and G. max. Glycine latifolia and G. max contained clusters of phylogenetically-related 
NB-ARC-LRR genes not found in the other species (Fig. 5.7). The draft G. latifolia 
genome contained 50 NB-ARC-LRR-like genes not represented in the G. max genome. 
Of the novel G. latifolia NB-ARC-LRR-like genes, 42%were more similar to sequences 
from M. truncatula and 50% were more similar to sequences from P. vulgaris than to G. 
max (Table 5.3). 
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Discussion 
Genome and genetic research of perennials species has been hindered by the costs 
of sequencing technologies and bioinformatics analysis of the data. Recently, 
developments in next generation sequencing have expedited molecular marker 
development and utilization and have made plausible the assembly of genome sequences 
for non-model organisms. A genome of G. max became available in 2010 [29] and was 
updated in 2012 [40] and 2014 [28]. Subsequently, draft genome sequences were 
determined for other legume species including, common bean [27], chickpea [26], and 
pigeonpea [23]. The studies predicted from 45,000 to 65,000 gene coding regions in those 
species. The G. latifolia genome was predicted to contain a similar number of genes (up 
to 41,435 genes), but this may underestimate the number of genes in the G. latifolia 
genome because of the number of gaps in the scaffolds. The genome of another wild 
perennial Glycine species, G. dolichocarpa, was estimated to contain 40,533 genes based 
on transcriptome sequencing [56]. The observation that G. max and G. latifolia shared 
most of their genes razes fundamental questions about the genes that differentiate the 
species for properties like growth habit (annual versus perennial). These differences may 
not lie in gene coding sequences of the species, but rather non-coding regions of genome 
(e.g., microRNAs) [57], transposable elements [58], or structural variation [59] between 
the two species. For example, structural variation has been hypothesized to play an 
important role in the speciation of rice (Oryza sativa L.) and its three closest relatives in 
the genus Oryza [60].  
A draft genome sequence of pigeonpea (genome size = 0.83 Gb) was constructed 
using a combination of Sanger sequencing of bacterial artificial chromosome libraries 
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and NGS technologies that had an N50 scaffold size of 500 Kb [23], which was about 
twice the size N50 scaffold of 258 Kb for G. latifolia generated using just NGS. A draft 
genome sequence of Nelumbo nucifera Gaertn. (sacred lotus, genome size = 0.93 Gb) 
was assembled using a combination of Illumina paired-end and mate-pair libraries and 
454 long-jump libraries for scaffolding. The N. nucifera with had an N50 scaffold size of 
3.4 Mb [61], which was more than 10-fold larger than the N50 size for the draft G. 
latifolia genome sequence. Finally, a draft genome sequence was assembled for Lupinus 
angustifolius L. (blue lupine, genome size = 1.15 Gb) using only Illumina libraries that 
had 234,534 scaffolds and an N50 for the scaffolds of 12 Kb [62]. Hence, the quality of 
the draft genome sequence of G. latifolia is comparable to those of other legume species 
constructed from multiple Illumina sequencing libraries.    
Morishima et al. [63] suggested that plant species evolved perennial and annual 
growth habits in response to environmental conditions (e.g., swamp and semi-swamp 
condition for annual and perennial rice). The mechanism and genes behind perenniality 
are not well understood. Recent studies in Arabidopsis have shown that at least three 
Arabidopsis genes have been identified that function in perenniality. Melzer et al. [64] 
showed that down regulation of both MADS box proteins SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 (SOC1) and FRUITFULL (FUL) established 
phenotypes similar to perenniality in Arabidopsis plants, and hypothesized that the 
proteins are involved in prevention of secondary growth and longevity. A third locus in 
Arabidopsis, TERMINAL FLOWER1 (TFL1) has an important role in regulating 
flowering time, the fate of inflorescence meristems and perenniality [65]. Analysis of the 
structure and expression of these genes in G. latifolia and G. max may lead to a better 
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understanding of the differences in the lifestyles of the two species. 
Soy-based products represented 30% of human caloric intake in 2012 [15].  
Increased soybean production will be required to continue to meet needs for human 
consumption and animal feed. However, prospects for large enhancements in soybean 
production are limited because the genetic diversity of soybean germplasm is very low. 
Genes for disease resistance and agronomic traits from the wild annual G. soja have been 
utilized for cultivar improvement in soybean [3,66-69]. However, this approach has its 
own limitations since the G. soja genome sequence differ from that of G. max by only 3% 
[20]. Glycine species in gene pool 3 of cultivated soybean, which includes G. latifolia, is 
genetic resource that, unlike G. soja, has not been used to improve soybean cultivars 
because fertile hybrids can only be obtained with non-conventional breeding method such 
as a tissue culture and embryo rescue. In addition to sterility of sterile offspring that 
required additional generations of tissue culture, hybrid plants retain undesirable 
characteristics of the wild species. It may be possible to circumvent these problems by 
using high-density genetic maps, and draft genome sequences of perennial species to 
identify genes of interest, and transfer them to soybean through transformation. High-
density linkage maps were developed and utilized in G. latifolia [55,70]. In this chapter, a 
high-quality draft genome sequence for G. latifolia was assembled and utilized to 
compare differences in gene content and structural variation between G. latifolia and G. 
max. With additional studies to identify the genes underlying traits such as resistance to 
Heterodera glycines or Sclerotinia sclerotiorum, it may be possible to move an individual 
gene for disease resistance from a wild perennial Glycine species to cultivated soybean as 
has was done with late blight resistance in potato [35].              
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Tables 
 
Table 5.1. Summary of the number of sequences reads, and percent and fold 
coverage of the Glycine latifolia genome by individual sequencing libraries 
Library sizes (bp) 
Number of 
reads 
Sequence 
coverage1 
Physical 
coverage2 
180 6.8×108 80.9 91.6 
500 3.1×108 37.1 92.8 
Total short paired-end libraries 9.9×108   
3,000 2.0×108 2.1 79.2 
8,000 1.6×108 1.2 46.9 
14,000 7.2×106 5.4 78.5 
15,500 7.9×106 4.5 60.2 
16,000 5.3×106 4.5 54.0 
15,900 5.7×106 6.9 86.6 
Total long mate-pair libraries 6.5×108   
1Fold sequence coverage of the G. latifolia genome by individual sequencing 
libraries assuming a genome size of 1.1 Gb. 
2 Fold physical coverage of the G. latifolia genome assuming a genome size of 
1.1 Gb. 
 
  
  123 	  
 
Table 5.2. Properties of de novo assembled draft Glycine latifolia 
genome sequence 
Categories 
ALLPaths-LG 
alone1 
ALLPaths-LG 
and GapCloser	  
Number of contigs 80,010 52,566	  
Number of scaffolds 16,423 16,423	  
Total contig length 0.709 Gb 0.838 Gb 	  
Total scaffold length, with gaps 1.123 Gb 1.139 Gb	  
N50 contig size 19.2 Kb 38.6 Kb	  
Longest contig 286 Kb 589 Kb 
N50 scaffold size 258 Kb 258 KB	  
Longest scaffold 1.66 Mb 1.66 Mb 
GC content 33.1% 33.1% 
   
Number of gene models  32,656 
Mean transcript length  3936 bp 
Mean coding sequence length  1734 bp 
Mean number of exons per gene  6.8  
Mean exon length  209 bp 
Mean intron length  490 bp 
1 De novo genome assembly was performed with ALLPaths-LG alone 
and with ALLPaths-LG and the post-assembly SOAPdenovoGapCloser. 
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Table 5.3.  Five most significant hits from blastn searches showing that two Glycine 
latifolia NB-ARC-LRR sequences were more closely related with genes from Medicago 
truncatula and Phaseolus vulgaris than G. max  
G. latifolia 
sequence Organism Annotation Score  Expect 
NB-ARC_3 P. vulgaris Hypothetical protein 74.7 5e-14 
NB-ARC _3 P. vulgaris Hypothetical protein 70.9 2e-13 
NB-ARC _3 G. max Predicted: TMV resistance protein  66.6 3e-12 
NB-ARC _3 P. vulgaris Hypothetical protein  68.9 5e-12 
NB-ARC _3 P. vulgaris Hypothetical protein 68.9 5e-12 
NB-ARC _6 M. truncatula NBS-LRR resistance protein 98.6 6e-22 
NB-ARC _6 M. truncatula NBS-LRR resistance protein  98.6 7e-22 
NB-ARC _6 M. truncatula NBS-LRR resistance protein  97.8 1e-21 
NB-ARC _6 M. truncatula NBS-LRR resistance protein 97.8 1e-21 
NB-ARC _6 M. truncatula NBS-LRR resistance protein  97.8 1e-21 
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Figures 
 
   A) CTAB             B) PhytoPure 
 
Figure 5.1. Electrophoresis of DNA extracted Glycine latifolia tissue with A) CTAB and 
B) PhytoPure and then quality-checked with agarose gels. A) Genomic DNA in 1.2% 
agarose run at 30 volts for 5 hours. B) Genomic DNA in 0.5% agarose run at 15 volts for 
14 hours.  
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Figure 5.2. Alignment of Glycine latifolia contigs to G. max chromosomes using BWA-
SW. A) Locations of genes on G. max chromosome. B) Frequency with which G. latifolia 
contigs sequences aligned to G. max chromosome. Glycine latifolia contigs aligned to G. 
max chromosomes at higher frequencies in the gene rich euchromatic regions than to 
centromeric and pericentromeric regions.  
A	  
B	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Figure 5.3. Alignment of Glycine latifolia assembled scaffolds to selected G. max 
chromosomes. A) Tiling path of 86 assembled G. latifolia scaffolds to G. max 
chromosome 11. B) Alignment of a single 1.2 Mb G. latifolia scaffold to G. max 
chromosome 11 showing the regions that aligned (broken red bar) and the levels of 
sequence similarity between the two sequences (bottom graph). 
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A)               B)                            C) 
 
 
Figure 5.4. Pseudo-molecule assembled for Glycine latifolia chromosome 6 compared 
with G. max chromosome 6. Comparison of sequence identities at the A) top B) middle 
(pericentromeric region), C) bottom regions of the chromosomes of the two species. 
 
 
 
 
 
 
Figure 5.5. Annotation generated for Glycine latifolia scaffold 1 using MAKER and G. 
max transcriptome and predicted amino acid sequence data (Phytozome V9.1) as a 
training set. The resulting genome flat file was visualized with Geneious.  
 
Comparative Mapping of the Wild Perennial  
Glycine latifolia and Soybean (G. max)  
 
Introduction 
 Unlike cultivated soybean (Glycine max), accessions of G. latifolia, a wild perennial relative of soybean, display high levels of resistance to biotic (e.g., Alfalfa mosaic virus, soybean 
cyst nematode, and white mold) and abiotic (e.g., 2,4-dichlorophenoxyacetic acid (2.4-D) and drought) stresses. To generate genetic and molecular resources for gene mapping and 
identification in G. latifolia, single-nucleotide polymorphisms (SNPs) were identified and mapped in G. latifolia by high-throughput sequencing of DNAs from accessions resistant and 
susceptible to white mold. Also, a draft genome sequence was determined for G. latifolia to facilitate gene discovery for traits of interest. 
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Build Consensus Linkage Maps  
Consensus linkage maps were constructed by merging SNP markers from F2 and F5 populations 
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Whole Genome Sequencing 
To facilitate to genotyping by sequencing (GBS) analysis, a draft genome sequence 
was assembled for G. latifolia by sequencing 180-bp, 500-bp, 3-kb, 8-kb, and 15-kb 
libraries prepared from PI 5599298 on an Illumina sequencer and assembled using 
ALLPATHS-LG. Gene annotation for the scaffolds was performed using amino acid 
and nucleotide sequences of soybean gene models.  
Table&1.&Assembly&of&Glycine(la*folia(dra1&genome&
"Con&gs" Output" Scaﬀolds" Output""
Number" 52,566" Number" 16,423"
Total"length" 838"Mb" Total"length" 1,069"Mp"
N50"size"in"Kb" 52"Kb" N50"size"in"Kb" 235"Kb"
Table&2.&Annota6on&of&Glycine(la*folia(dra1&genome&
Methods" Output"
G.#la&folia#scaﬀolds"Blast"against"G.#max"cDNAs"(eK20)" 41,435"
G.#la&folia#scaﬀolds"Blast"against"G.#max"cDNAs"(eK50)" 35,456"
G.#la&folia"scaﬀolds"with"Maker"2.2.9"(G.#max#protein/G.#max#cDNA)" 32,656"
Pseudomolecule Chromosome Assembly 
To facilitate discovery of genes for traits of interest, pseudomolecule chromosomes were constructed for G. latifola. First, SNP markers in a linkage group were aligned with the scaffolds 
from the de novo whole genome assembly. Second, the scaffolds were aligned with G. max gene model sequences to find genes conserved between the two species using customized 
Perl scripts. Third, the data were pooled to assign scaffolds to locations.     
Compare with Soybean & Common Bean Genomes  
Rearrange LGs 
2,"5,"7,"8,"13,"16,"19,"
and"20" 
 
Collinear LGs 
1,"3,"4,"6,"9,"10,"11,"12,"
14,"15,"17,"and"18" 
Conclusion 
Next generation sequencing (NGS) and bioinformatics are very powerful and efficient tools for SNP discover and whole genome sequencing for discovery of markers linked to traits of 
interest. Using the resources developed in this project, it will be possible to precisely map genes for desirable traits in exotic germplasm for use in soybean breeding. 
 
High quality gene 
annotation !
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Figure 5.6. Identification of insertions and deletions and SNPs between Glycine max and 
G. latifolia in sequences corresponding to Glyma18g39820. A) Pre-mRNA region of the 
gene. B) Locations of insertions (orange bars), deletions (purple bars), and SNPs (various 
colors) in the G. latifolia homeologous gene are shown. C) Location of insertions (orange 
bars) and deletions (purple bars) are shown. D) Exons of the gene are shown. 
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Figure 5.7. Phylogenetic relationships of Glycine latifolia and G. max by NB-ARC-LRR 
amino sequences. Most NB-ARC-LRR genes were shared between G. latifolia and G. 
max (black lines). Some NB-ARC-LRR genes unique to G. latifolia (blue lines) and G. 
max (red lines) were phylogenetically clustered.   
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APPENDIX A 
 
GENERATE BIPARENTAL MAPPING POPULATIONS IN G. LATIFOLIA, G. 
CANESCENS, G. CLANDESTINA, OR G. TABACINIA SEGREGATING FOR 
RESISTANCE TO SCLEROTINIA STEM ROT, AND CHARACTERIZE THE 
RESPONSES OF DERIVED LINES TO S. SCLEROTIORUM INFECTION 
 
Introduction 
Genes from perennial Glycine species have the potential to improve soybean 
disease resistance traits for which genes do not exist in the primary soybean gene pool [1]. 
Because of the undesirable traits of perennial Glycine accessions, like their viney growth 
habit and propensity for pod shattering, and the difficulties crossing annual and perennial 
Glycine species, the perennials have not been utilized for resistance breeding in cultivated 
soybean. There have also been many fewer genetic studies in the perennial Glycine 
species compared to soybean, and none have used advanced-generation mapping 
populations [2,3].  
 
Materials and Methods 
Seeds of 19 perennial Glycine species were obtained from the USDA Soybean 
Germplasm Collection (Urbana, IL), scarified and grown in a greenhouse. Seedling-stage 
plants were inoculated with S. sclerotiorum, and evaluated at different time points after 
inoculation for symptom severity and percent of plants surviving. The evaluations were 
replicated at least once. Resistant and susceptible accessions were selected based on the 
reproducibility of their responses to inoculation. Reciprocal crosses were performed to 
generate putative F1 hybrids in each species. Putative F1 hybrids were validated with 
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molecular markers. Mapping populations were initiated from confirmed F1 plants and 
advanced by single seed descent for the production of recombinant inbred lines.  
 
Results  
Accessions of the four perennials species were inoculated with S. sclerotiorum 
and evaluated (Dr. Hartman pers. comm.). Within each species, accessions were 
identified that responded differentially to inoculation with S. sclerotiorum (Table A.1) 
and selected for production of mapping populations. Evaluations of G. tabacina were 
variable among replications, and therefore the species was not used for further analysis. 
Glycine clandestina produced only cleistogamous flowers and could not be crossed. 
Crosses were attempted between resistant and susceptible accessions of G. canescens and 
G. latifolia. However, there were no obvious morphological differences between resistant 
and susceptible accessions of the same species. Therefore, molecular markers were 
developed to validate true hybrids. Forty F1 putative hybrids were obtained from 
reciprocal crosses of G. latifolia resistant and susceptible accessions. Also, 12 F1 putative 
hybrids were obtained from reciprocal crosses of G. canescense resistant accession and 
susceptible accessions. After checking with molecular markers in the F1 40 putative 
hybrid and parents, 19 true F1 hybrids were identified. The same procedure was 
performed to check the putative G. canescense hybrids, but none turned out to be true 
hybrids.  
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Table A.1. Sclerotinia stem rot evaluation results from four perennial Glycine 
species 
Species Item # PI # R/S Chromosomes 
G. canescens 128 PI612178 R (100%)* 40 
 161 PI612211 R (100%) 40 
 230 PI653505 R (83%) 40 
 170 PI612220 R (80%) 40 
 154 PI612204 S 40 
 155 PI612205 S 40 
 163 PI612213 S 40 
G. clandestina 3 PI248252 R (100%) 40 
 192 PI653444 S 40 
G. latifolia 54 PI559298 R (100%) 40 
 55 PI559300 S 40 
G. tabacina 46 PI509481 R/s (2 R and 1 R/S)** 40 
 56 PI559351 R/S (1 R/S and 1 S) 40 
* For resistant accessions, percentages were calculated as the number of surviving plants 
over the total number of plants inoculated in two separate experiments. 
** All plants inoculated survived in the first experiment and 50% of the inoculated plants 
survived in the second experiment.  	  
References 
1. Hymowitz T, Singh RJ, Kollipara KP (1998) The Genomes of the Glycine. Plant 
Breeding Reviews: John Wiley & Sons, Inc. pp. 289-317. 
2. Bronski MJ, Straub SCK, Bogdanowicz SM, Doyle JL, Brown AHD, et al. (2009) 
Isolation and characterization of thirteen polymorphic microsatellite loci in the A-
genome perennial group of the legume genus Glycine. Molecular Ecology 
Resources 9: 1547-1550. 
3. Zou JJ, Singh RJ, Hymowitz T (2004) SSR marker and ITS cleaved amplified 
polymorphic sequence analysis of soybean × Glycine tomentella intersubgeneric 
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APPENDIX B 
DEVELOP RELIABLE METHODS TO ASSAY LARGE G. LATIFOLIA 
BIPARENTAL POPULATIONS FOR THEIR SUSCEPTIBILITY TO SSR AND 
APPLY TO F2 AND F5 POPULATIONS 
 
Introduction 
Reliable phenotypic assays are essential for gene identification in both animal and 
plant systems. Unfortunately, SSR phenotypic assays often are highly variable and 
dependent upon micro-environmental conditions in different plants species because of 
differential sensitivity of each plant species to SSR [1]. Even though there was variation 
among resistance assay methods, wild relative species of some cultivated crops showed 
high levels of resistance to SSR. For example, introgression lines between wild crucifers 
and Brassica napus (canola) showed significantly higher levels of resistance than 
cultivated B. napus when measuring lesion length after inoculation with agar medium 
that contained active growing fungal mycelia [2]. Similar inoculation methods and cut-
stem and detached-leaf assays were applied to differentiate disease responses in soybean 
cultivars [3]. Since oxalic acid is the main virulence factor produced by Sclerotinia 
sclerotiorum to kill plant tissues [4], oxalic acid has been used to assay susceptibility to 
SSR in place of inoculum containing fungal mycelia [5]. Therefore, it is essential to 
develop reliable SSR screening assays to identify genetic loci associated with SSR 
resistance in perennial Glycine species. 
 
Materials and Methods 
Five different assays were developed and evaluated to test which best separated 
resistant and susceptible accessions.  Two detached leaf assays (mycelial/agar plug and 
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mycelial/agar plug followed by staining of infected leaves with cotton blue), and three 
cut-stem assays (stems incubated in oxalic acid solutions, stems inoculated with mycelial 
agar slurry, and stems incubated in magenta boxes with mycelial inoculum) were tested 
on resistant and susceptible parental accessions.  
Detached-leaf assays were performed by incubating 30 detached leaves from each 
susceptible and resistant parent with agar plugs containing S. sclerotiorum mycelia in 
humid chambers. The leaves were checked at 3 and 5 days after the inoculation. For the 
second set of detached-leaf assays, infected leaves were stained with cotton blue then the 
lesion area was examined with a light microscope [6].  
For cut- stem assays, stems were cut from resistant and susceptible parents and 
placed into 0 mM, 5 mM, and 10 mM solutions of oxalic acid. Five stems were prepared 
from each resistant and susceptible parent. The damage to the cut stems was calculated 
by measuring length of the stem damaged by oxalic acid and dividing that by the total 
stem length. Total stem length was between 15 to 25 cm and stem length did not 
influence the assay. Other assay was inoculated with agar fungi slurry with the stem 
cuttings from resistant and susceptible parents. Cut stems of resistant and susceptible 
parents also were inoculated with agar/mycelial slurry and imbedded in agar in magenta 
boxes on which S. sclerotiorum mycelia were growing. 
  
Results 
Detached-leaf assays did not separate resistant and susceptible accessions (data 
not shown). Cut-stem assays in the 5 mM oxalic acids yielded the best separation 
between resistant and susceptible accessions (Fig. B.1).  The same method was applied to 
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screen 149 individuals from an F2 population, which fit a 9:7 segregation ratio (P=0.89) 
(Table B.1). 
 
Figure B.1. Ratio of the length of the stem damaged by oxalic acids to total stem length 
of resistant (PI 559298) and susceptible (PI 559300) G. latifolia accessions  
 
 
Table B.1. Segregation of resistance in F2 progeny by measuring the ratio of the length of 
the stem damaged by oxalic acids to the total stem length 
 
Crosses (PI) Number of F2 phenotype Chi Square P value Resistant Susceptible 
559298(R) x 
559300(S) 88 66 0.02 0.89 
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2. Garg H, Atri C, Sandhu PS, Kaur B, Renton M, et al. (2010) High level of resistance to 
Sclerotinia sclerotiorum in introgression lines derived from hybridization between 
wild crucifers and the crop Brassica species B. napus and B. juncea. Field Crops 
Research 117: 51-58. 
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APPENDIX	  C	  
	  
	  
SUPPLEMENTAL	  TABLE	  C.1	  
 
SEQUENCES OF PRIMERS AND ALLELE-SPECIFIC TAQMAN PROBES 
FOR SELECTED G. LATIFOLIA SINGLE NUCLEOTIDE POLYMORPHISMS1	  
	  
Marker	   Forward	  Primer	   Reverse	  Primer	   Probes	  C04_0.04	   ATGTAGATAAATAGAAACTGAAAAAGAAA
CAATTTCATAT CCCCAAACGATTGTTATTTGTCAGT CCTCCTCATG[A/C]CGCGTG C04_02.3	   TTCTGTTGAGAGGCGTTGGTT CCTGATCATGTTCCGAAGGTTTCT TTGTTTGGATC[A/G]CTAATC C04_04.7	   CTGCTGAAAAGTCTCAACTACACAAA CCAAATTGATAATACACGAGGTGGGT AAATCAGTTAATG[C/G]TAGCACC C04_06.7	   AATTAAATGACTTTTGAATCATGTTTTGA GGAAATTGTTCTGCAGATGGAGTTG CATGCAACA[A/G]CACTTT C13_28.3	   CACCATGTGCATCTTCTTTGAATCT AGGAGCCTGTGACTGTGCTA AAACCATTC[C/G]ATTCTC C13_32.0	   TGCTTCTGTAATTTTAAATAACTTCTGGAT
GAGT GGACAAAATGTAAGTGCAGGAACAA TTGCATTTGG[C/T]ATGATTG C13_33.2	   ACCCATCCATCTCTTTCAATTGCT CCATGCTTTATTCCAGACCAGATGT CATCAACT[A/A]AATTCGC C13_34.0	  
CTTCCCACTGGCAATAGATGTCT 
TCCAGGAAACATGGAAAATTTGAATTTA
AAACT AGACAAATCTTT[A/G]TATAATGC C13_35.3	   CCTCATGATGCCTTCCATTAAAAATTGT CTCTTGTGTTGTTATTCTGTCC ATGGTGAGTGAAATT[C/G]CCTT 
Potential SNP markers were selected from G. latifolia sequences that were at least 98 % 
identical to G. max sequences with no insertions or deletions, and that aligned at a single 
location in the G. max genome. Initially, four and five loci allele-specific real-time PCR 
assays were designed using the Custom TaqMan Assay Design Tool (Applied 
Biosystems, Foster City, CA) to SNPs that mapped to G. max chromosome 4 and satellite 
chromosome 13, respectively, and obtained from Applied Biosystems. 
 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  This chapter appeared in its entirety in the Theoretical and Applied Genetics as Chang, 
S., Hartman, G.L., Singh, R.J., Lambert, K.N., Hobbs, H., Domier, L. L., 2013. 
Identification of high-quality single-nucleotide polymorphisms in Glycine latifolia using 
a heterologous reference genome sequence. 126(6) 1627-1638. This article is reprinted 
with the permission of the publisher and is available from http://www.link.springer.com 
and using DOI: 10.1007/s00122-013-2079-8. 
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APPENDIX	  D	  
 
SUPPLEMENTAL	  TABLE	  D.1	  
 
G. LATIFOLIA SEQUENCES USED FOR DESIGN OF GOLDENGATE SNP 
ASSAYS1 
 
384 GoldenGate SNP assays were designed using Illumina DesignStudio for SNPs that 
mapped to all 20 G. max chromosomes at an average spacing between SNPs of 
2.4 × 106 bp. SNPs were selected with an average design score of 0.94. Markers were 
named for the G. max chromosome and the nucleotide position on the chromosome 
(×10−6) to which the SNP-containing sequences aligned. 
 
 
Data can be found in the supplemental MS word file name: Appendix D. G. latifolia 
sequences used for design of GoldenGate SNP assays.docx  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1 This chapter appeared in its entirety in the Theoretical and Applied Genetics as Chang, 
S., Hartman, G.L., Singh, R.J., Lambert, K.N., Hobbs, H., Domier, L. L., 2013. 
Identification of high-quality single-nucleotide polymorphisms in Glycine latifolia using 
a heterologous reference genome sequence. 126(6) 1627-1638. This article is reprinted 
with the permission of the publisher and is available from http://www.link.springer.com 
and using DOI: 10.1007/s00122-013-2079-8. 
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APPENDIX	  E	  
	  
	  
SUPPLEMENTAL	  TABLE	  E.1	  	  
 
GBS	  SNP	  GENOTYPE	  DATA	  FOR	  F2	  MAPPING	  POPULATION1  
 
Genotyping by sequencing of the F2 population produced a total of 4.00×108 100-nt reads, 
of which 1.70×108 passed all quality controls and uniquely aligned to PI 559300 
sequences. After barcodes were removed, 90 nt were used for SNP discovery. In the F2 
population, 5,160 markers could be reliably scored between the parental lines PI 559298 
and PI 559300. The data set was reprocessed to exclude markers with more than 30% 
missing data and with segregation ratios that differed significantly from 1:2:1 (P>0.05), 
which resulted in 2,377 markers. 
 
 
Data can be found in the supplemental MS word file name: Appendix E. GBS SNP 
genotype data for F2 mapping population.docx  
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  This chapter appeared in its entirety in the PloS One as Chang, S., Thurber, C., Brown, 
P.J., Hartman, G.L., Lambert, K.N., Domier, L. L., 2014. Comparative mapping of the 
wild perennial Glycine latifolia and soybean (G. max) reveals extensive chromosome 
rearrangements in the genus Glycine. This article is available from 
http://www.plosone.org and using DOI: 10.1371/journal.pone.0099427.	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SUPPLEMENTAL	  TABLE	  F.1	  	  
 
GBS	  SNP	  GENOTYPE	  DATA	  FOR	  F5	  MAPPING	  POPULATION1  
 
 
Genotyping by sequencing of the F2 population produced a total of 1.92×108 100-nt reads, 
of which 1.05×108 passed all quality controls and uniquely aligned to PI 559300 
sequences. . After barcodes were removed, 90 nt were used for SNP discovery. In the F5 
population, 7,081 markers could be reliably scored between the parental lines PI 559298 
and PI 559300. The data set was reprocessed to exclude markers with more than 30% 
missing data and with segregation ratios that differed significantly from 1:2:1 (P>0.05), 
which resulted in 3,110 markers. 
 
 
Data can be found in the supplemental MS word file name: Appendix F. GBS SNP 
genotype data for F5 mapping population.docx  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This chapter appeared in its entirety in the PloS One as Chang, S., Thurber, C., Brown, 
P.J., Hartman, G.L., Lambert, K.N., Domier, L. L., 2014. Comparative mapping of the 
wild perennial Glycine latifolia and soybean (G. max) reveals extensive chromosome 
rearrangements in the genus Glycine. This article is available from 
http://www.plosone.org and using DOI: 10.1371/journal.pone.0099427. 
